
BACTERIOLOGICAL 

REVIEWS 


VOLUME 9 


BALTIMORE, MD 
1945 



Bacteriological Reviews 


Editor 

Babnett Cohen 

The Johns Hoptma Medical School, Baltimore, Md 


jlMoctcrie Editors 

Geoeqe P Bebbt N Pael Htoson 
W C Fbaitbe Cabe B Pedbbson 

0 B VAH Niel 



CONTENTS 


No 1 IMabch, 1945 

Physical Methods of Sterilization of Microorganisms 


Orro Rahn 


No. 2 Ju^'E, 1945 

Relation of Bacteria to ntamms and Other Growth Factors W H 
Petehson A^'^) ^Iart S Peterson 


49 


No 3-4 September-December, 1945 
Yeast Genetics Life Cycles, Cjdolog}’-, Hybndization, Vitamin Syn- 
thesis, and Adaptive Enzymes Carl C Linde qren 111 




PHYSICAL IMETHODS OF STERILTZ mOX OF MICROURG.YNISMS 


OTTO 11 UIX 

Laboralorv of Badcuologut Cornell L mrcr’nh/, Ithaca, A 1 


CONTENTS 

I Mechanical Causes of Death 2 

1 Gnnding and shaking 2 Pressure 3 Sonic i\a%cs 

n Death bv Irradiation S 

1 Cause of death 2 Effect of temperature 3 Effect of i\a\c length 4 
Sensitivity of different species 

m Death bv Desiccation 14 

1 Death during desiccation 2 Death of dn bacteria 3 Death by dry heat 

IV Death by Low Temperatures 21 

1 Subminimal temperatures 2 Cold shock 3 Freezing 

V Death by Moist Heat 24 

1 Thermal death point, thermal death time 2 Order of death 3 Death 
rates 4 Temperature coefficients 5 Factors controlling death by heat G 
The unusual resistance of spores 

VI Death by Surface Tension Depression 36 

1 Effects of surface tension depression 2 M ctting agents 3 Combinations 
with disinfectants 4 Bile solubility 


The means bj' tthtch man fights microorganisms are ordinanly classified 
either as chemical moans (commonlj called disinfectants or antiseptics), or as 
physical means tvhich include a number of \cn different agencies, such as heat, 
grmdmg, pressure and others Wide the contrast between the two 
types of agencies as such is sharp and fundamental, cortam physical causes, 
e g , radiations, may bung about chemical changes, and the ultimate cause of 
^ chemical reaction although brought about by a phy'sical agent 
i physical even m its ultimate analysis is death by mechamcal destruc- 
M, ashy grmdmg Plainly* chemical is the slow death of dry bactena which 
ch ^i* some essential cell constituents and follows the laws of 

'^^^'^®^tion Between the two extremes stand heat and radiation 
denaturaT^^^ hy* denaturation of some important cell protems This 
Pacts considered a chemical or a physical process 

complet greatest advantage w hen the reasons for the facts are 

hut an tf '^derstood The object of this review is not an enumeration of facts, 

^d to^T'^^ correlate the knowledge acquired about physical disinfection, 
hou-thev physical agents can kill bactena, or, more generally*, 

The a about the death of any cell 

^ and^^ '^bons m the home, m mdustry and medicme, although of vndest 
have bee^^^^^^^ value, cannot be considered here Drynng and freezmg 
do not stenh^'^ prehistonc times to presen e food, but these processes 
adectants They* may be compared with antiseptics rather than with dis- 
tion of mi'cro^-'^^^^ prevent bactenal action and may kill a large propor- 
^rganisros, but cannot be rehed upon to kill aU of them The use 
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of artificial ultoolet light, to destroy bacteria is of rather recent date But 
the apph^tion of heat antedates Pasteur's discoveo^ that food spoilage 13 caused 
by nucrooiganisms Appert based his process of preserving foods bj long^xrn- 
toued hating upon the theory that the air over the food m the container was 
rmdered to no effect by the action of heat ” A considerable canning industry 
had developed long before Pasteur published his first papers 


r MECHAiflCAI, CAUSES OF nEATH 

1 Death hygnndzTig and shaking It is obvious that cells arc dead when thej 
are broken into many small pieces Expenments with protozoa have shown 
that recovery is possible only when the nucleus has remamed uninjured With 
bactena and yeasts, recovery after mechanical injury may also be expected 
if the damage is shght 

To what extent the smaller imcroSrgamsms might be broken up mechanically, 
was not known until Buchner’s famous demonstration of cell-free fermentation 
(1897) Yeast ground with quartz sand was still capable of changmg sugar to 
alcohol and carbon dioxide, but had lost the power to produce colomes on nu- 
trient agar This experiment calls attention to the bactenologist’s definition 
of death which differs from the defiimtioiis by all other biologists Ahactenura 
(or yeast) is considered dead when it has lost the power to reproduce 

Bactena can also be killed by shakmg, but vigorous agitation is necessary to 
bnng about a noticeable decrease m the number of viable cells (Campbell Renton, 
1942b) 

An mterestmg combmation of giindmg and shakmg has been studied by 
Curran and Evans (1942) who shook bacterial cultures or spore suspensions with 
different kmds of abrasives, such as glass beads, sand, or carborundum With 
uniform shakmg on a mechanical shaker, the number of fatal hits per minute 
must be directly proportional to the number of cells present With n bactena 
at the start, and the fraction p killed per hour (or lOOp % per hour), the number 
of dead bactena after the first hour of shaking is up, and the number of surni ora 
is 7 i(Tp) Of these survivors, the fraction p dies agam duimg the next fiouCi 
and the fraction (1-p) survives, which makes the survivors after 2 hours of stak- 
ing n(l-p) (1-p) After the third hour, the survivors number fl(l-p)’ and alter 
i houre, n(l-p) ‘ If we call the number of sumvois 6, we hai e 

b = 7»(l-p)' 

^ = (1-p)' 
n 

log 6 — log n = t log(l-p) , , 

—t log (1-p) = log n ~ Jog b 

Iji this equabon, p is a constant, and therefore aho log (l'P)i 

stitute -log (1-p) = K This simplifies equation (a) to 

Kt = logn- logb^logj 
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where n is the ongmal number of bactcna, h tlic number of surA n ors after t 
hours of shakmg, and K a constant mcasunng the rate of dcatli * According 
to this equation, the loganthms of survnA ors plotted against time must fall on a 
straight line As figure 1 shows, tlus is actually the case 



HOURS 

'aroE CuBTO OF the Spohes of Bacii,lus subtilis Shaken with Glass 
Beads (from Curran and Evans, 1942 ) 

TllG 

by disinf^^^'^^ ^ identical with that claimed for the loganthmic orderjof death 
the two ^ Such identity does not mdicate any relation’ between 

be drawn death They are so entirely different that no conclusion can 

^ rom one to the other In the shaking experiments, the order of death 

age of cells lolled per hour (100 p) can be computed as follows 
log (1-p) = -K 


1-p = 10"^ 
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mgtoU correct ' S '’™ “* 

™erww * erpta.,0 „d even & 'eHsteS^to* 'Sn'M t, 
more than 30 yearn The equation has been considered m some detairhcrc 

T I u ^ coipuscular theory of hght, maj be con 

sidered as a bombardment with electrons or photons or quanta, and this must 
re^lt m a loganthmic order of death uhich will be discussed m a later chapte^ 
Table 1 shows some of the data obtamed by Curran and Evans The chemical 
nature of the abrasive, its degree of hardness and its specific gm\ntj had no 
influence on the death rate Sphencal particles appeared more efficient than 
angular ones, perhaps because they produced larger surfaces of contact bv shd- 


TABLE 1 


Deslruclton of spores suspended tn tuj-er solution {pB 7 0) tchen shaken tnlh ohrosirts for 

S hours at 4SD rpm 


AsaASTVi (20 g tN 25 ml or torrtR) 

sroixs OF BAcnira cohaiixks 

iFotM or nnu.es lacKm 
/ uev 

Survivors 
per ml 

D«tb 
rste K 
(per hoar; 

Percrtt 
killed per 
hrax 

SorvivoTi 
per bjI 

E>nti 
nle K 
(per bom 

Fernat 
llHtd 
per hour 

At start 

1,350,000 

— 

— 

930,000 

~ 

- 


fSand 

70,000 

0 293 

49 J 

7,300 

0 423 

62 2 

Particles passed 

Py-rex chips 

39,800 

0 342 

54 6 

750 

0 620 

76 0 

iSo JO sieve 

Carborundum 

95,600 

0 231 

41 2 

8,050 

0 414 

61 4 

but not No 

Boron carbide 


0 297 

49 5 

5,400 

0 449 

64 4 

40 

Glass beads 

42,800 

0 301 

50 0 

2,700 

0 309 

69 0 


^Alundum 

172,000 

0 179 

33 8 

30,200 

0 300 

49 8 

Particles passed 

Emery 

173,000 

0 ITS 

33 6 

20,800 

0332 

53 4 

No 80 sieve 

Carborundum 

7 900 

0 446 

64 2 

300 

0 700 

SO 1 

but not No 

Boron carbide 

120,000 

0 210 

3S 3 

17,400 

0 347 

55 1 

m 

Glass beads 

30 

0 931 

SS 3 

3/ 

1 100 

92 1 


ing or rolling past each other The particle size was of great influence as ma> 
be seen from the table Sand was found most efficient u hen the gram size u as 
between sieve numbere 40 and GO, while glass beads destroyed bacteria mo>t 
rapidly when they passed sieve No 60, but not 80 An increase m size re- 
sulted m a lower death rate, and a decrease bad the same effect 
Vegetative cells were more sensitne than spores, but the didcrencc 

pvrt* mth the cporec of B«“»" 

distilled vfater, the ^ The same E coh shaken mth tlie 

identical conditions had the constant of onli OS, the prolec- 

same glass beads in broth showed a dillercnt species differ 

,onWprehah^“ 
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According to Campbell-Rcnton (1942b), bnctcnoplngc is ccnsitne to slinking, 
but a great vanation of sensitnitj was obscned \ntli difTcrcnt phages The 
shaking was earned out iiithout addition of ■^olid particles '\\ ith Salmonella 
schollmncUcn, the phage m as inactu ated to a much greater extent than the bac- 
tena It is possible to obtain apparenth phage-free cultures of bactena by shak- 
ing, proiadedthat the culture is not too heanh infected uith phage 

2 Death by pressure It is not a erj probable, reasoning a priori, that pressure 
can aflfect bactena suspended m a liquid -Vs there arc no gas-fillcd spaebs in 
the cell, the change m pressure can result onl\ in shght diHercnces m i ohime 
and the cells are not likel} to be tom, unless the change is i era sudden as i\ath 
supersonic wa^cs Pressure cannot change the cell constituents greath, nor 
can it alter their relatii e position The thcorj of Johnson, E\ nng and VV ilhams 
(1942) that pressure changes the equihbnum between natn c and denatured pro- 
tein does not applj m this c<ase because m death, uc are dealing with an irre\cr«- 
ible process 

Chlopm and Tammann (1903) placed 24-hour broth cultures of manj dif- 
ferent microorganisms m stenle castor oil which was then subjected to pressures 
up to 2900 atmospheres, the pressure being increased m steps of 500 atmospheres 


eieiy 15 mmutes A pressure of 2000 atmospheres for 4 hours at 3C° killed 
the entire cultures of Ehcrihclla typhosa, Salmonella iyplnmunum, Vibno dtol~ 


erac and Mrcrococcus agihs, t c , they had lost the jiower to reproduce, but the 
cells were still motile Other species were weakened, but some cells sunned 
Virulence was considerably decreased, and remained decreased An exposure 
to 2000 atmospheres for 4 dajs at 14-10° killed most of the species tested, but 
not Bacillus anthraas, Oidium laclis, Corynebacienum pscudodtphlhcncum, and 
^r yeast All of these species were greatlj' weakened Agam, man} of the 
dead” bactena remained motile The mcrease to 2900 atmospheres did not 

ciiMge the result greatly Rapid mcrease and decrease of pressure had httle 
influence 


1914, Hite and associates attempted to presen e milk, \ egetables and frmts 
foun^Hi^ ^ plnce of the customaiy apphcation of heat m cannmg The}'- 
d /la ^ lOOiOOO pounds per square mch, at room temperature for seien 
he bt destroy some of the milk enzjnnes, but no culture of bactena could 
•ndhon^^ samples “In old milk, an ongmal count of 30 or 40 

an flnni cc ma}”- be cut down to a few hundred, or a few dozen, by 

Gra 100,000 pounds for 10 mmutes ” 

pressure and pears could be stenhzed by 60,000 pounds 

su If mmutes, while blackbernes and raspberries usually fermented 
^ganto^ treatment Vegetables spoiled almost umversaUy, and tomatoes 
E-xpenm'^ ha^^ng been exposed to such pressure 
The logantlf^^ cultures of different species showed certam differences 

fell on a St death times plotted agamst the loganthms of the pressures 

2,000 atm<^b ^ most cases (fig 2) Pressures less than 30,000 pounds or 

^fh Tamioaiu^^ ^ cultures m 3 hours This agrees fauly well 

findings 
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A picture is obtained when the cultures arc exnnsrv) to o 

became this causes a chemical change of the environS .T’ 

“ ft® «» ™ atmospheres mould moon appLS^T,™ 

^ecies -ae effect of such compressed gases is really chemical disinfection It 
^m^hysical only when the sudden release of the gas pressure tears the ccU 
Tto latter possibihty wiU be treated at the end of this chapter 

JrSfT concentrations of oxygen are toxic to bactena, has been 

^wn for a very long time In his review on inhibition of bactena bj oxj gen 
Rodenkirchen (1937) mentions axpenments as early as 1873 Precise exmen- 
ments with measured oxygen pressures and pure cultures u ere made by Porodko 



Fio 2 The Double Logabithmic Kelatiov between Pbesstob am> Death Time 
Above Sebratia maecescens Bew>w Saccharomtces cebewsiae (Data 
OF Hite, Giddinos axtj Weaklt, 1914) 


(1905) and Berghaus (1907) Inhibition of growth for 4 da>s was obtained bj 

2 atmospheres of pure oxygen with a pmL yeast, Daclcnum cyanogcnum, Bac- 
tmvm bnmeum, Alcaligcnes faecahs, Pseudomonas aeruginosa, Vibno cJiolcrac, 
and Bacillus anihracis, but they were not tailed complete!} , and the} multipliwJ 
when the oxygen pressure was released Other species like Pseudomonas jluo- 
rescens, Bacillus mycoides, Prolcus vulgaris and EbcrthcUa tgphosa lecrc inlnbitod 
by 2 5 atmospheres of oxygen, Eschencbia coli and Salmonella cnlenivhs rcrjuired 

3 atmospheres, Sarcina lutea, Vibno albcnsts, Bacillus sublths, and Staphylococcus 
aureus 4 atmospheres, and another stram of E coh as ucll as Sirralta marcr'cm' 
6 3 atmospheres One species of micrococcus required alxiut 10 atmospheres 

The oxygen concentrations for complete stenUzation are much iughcr Berg- 
haus found B anthracis, Alcaligcnes faccalts and Vibno cholrrar dead after 2 
hours’ exposure to 2-4 atmospheres of oxjgen pressure,but 10 representatives of 
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the colon-typhoid group, as-ssell as Pseudomonas aeruginosa and Staphylococcus 
aureus required 60 to 75 atmospheres 

This mhibition of bactenal development by ovj^gen has been used m the 
Hofius process of mOk preservation which consists m keepmg the milk under S 
atmospheres of ovygen pressure (120 pounds) at low temperature Such milk 
IS claimed to keep 2 to 3 weeks (hluUer, 1936, Rodenkirchen, 1937) 

Hydrogen Yery httle effect of hydrogen pressure was obsen^ed by Larson, 
Hartzell and Diehl (1918) A pressure of 120 atmospheres ne^er produced 
stenle cultures Of E coh, only 10 to 40% of the cells had been killed m 24 
hours, and the microscope showed many cells to be broken up Unexpected 
was the result that “gram-positive bacteria would often become gram-negative, 
and even the acid-fast character of the tubercle bactena v. as impaired ” 

Nitrogen at 120 atmospheres pressure did not kiU the bactena, nor did it 
change their morphological characters 

Carbon dioxide has been tested by many authors Larson et al (1918) could 
Inh non-spoTulatmg bactena by 50 atmospheres in about 1^ hours, but 40 at- 
mospheres had no effect whatever Death was not due to the low pH of 3 15 
because the bactena could tolerate this acidity for 48 hours when it n as produced 
by other acids, without the pressure of CO 2 Yeast cells sumied the same 
pressure treatment for 48 hours These authors consider the death to be due 
to the “sudden change of osmotic tension ” 

“Gram-negative baedh could be brought to a marked degree of dismtegration, 
although dismtegration of all the bactena m suspension was never attamed 
The gram-positive cocci suffered httle morphologic change aside from shght 
irregulanty m size, and often a tendency to lose their gram-positive character " 
Yery httle dismtegration was noticed when the bactena were suspended m 
broth or sahne instead of distilled water 

Swearmgen and Lewis (1933) assumed that the death of bactena under high 
CO I pressure was due to the formation of gas bubbles withm the cell which would 
make the cell explode when pressure was released Accordmg to their calcula- 
tions, about 40 pounds (2 6 atmospheres) of surface tension pressure must be 
overcome to form a gas bubble of the size of a bactenum Therefore, death by 
explosion could not occur with low CO 2 pressures However, with pressures less 
than 40 pounds, they obsen'^ed a slow rate of death which they asenbed to the 
precipitation of certam colloid systems 

The pressures used m carbonated d rinks are not sufficient to produce stenhty, 
even after several months iMilk under 60 pounds of CO 2 wiU sour slowly The 
results of attempts to use CO 2 m food presenmtion are summarized m McCul- 
loch’s book (1936) 

3 Death by sonic and supersonic waves Death by such waves is fundamentally 
not different from death by mechamcal agitation It is generally assumed that 
the waves produce a xery rapid succession of compressions and releases of the 
hqmd, which tear the suspended cells to pieces It has been suggested that the 
rarefaction durmg release might go so far as to produce microscopically cthpII 
areas of vacuum While bactena can withstand slowly nsmg or decreasmg 
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pi^res, the very rapid alternation injures them The death rate rises with 

“locates that the suddenness of change be- 
tween compression and release is an important factor 

Harvey and Loomis (1929) proved that lurmnescent bactena could be killed 
by mipei^mc n aves of approximately 375,000 cycles per second By exposure 
to one hour or longer, complete stenhty could sometnnes be obtamed Wil- 
ams and Games (1980) treated cells of EscJienchta coh with waves of only 8,800 
cycles, and observed a very slow decrease of about 60 to 70% of all cells per 
hour The order of death was loganthmic Chambers and Games (1932) 
found a loganthmic order for E coh only mth young cultures The 5-day 
culture contamed many cells of greater resistance, and them percentage as well 
as their resistance mcreascd up to 14 days Sheplococcus ladts showed a strictly 
logantliraic order ei en with an 8-day culture 

More extensive were the expenmente by Beckwith and Weaver (1936) who 
used equipment similar to that of Hanmy and Loomis, i e , one that yielded 
frequencies of about 400,000 c p s With such high frequencies, heat is gen- 
erated by the waves, and the cultures under test must be cooled Aqueous sus- 
pensions of cells from a 24-hour culture of E coh were always stenhzed by a 5- 
nunutc exposure to these ultrasomc waves while a 6-hour culture olEberiheUa 
typhosa m broth had 1 to 10% survivore after 10 mmutes’ treatment Spores of 
Bactllu$ suhtihs suspended m w’ater, after 15 mmutes, had decreased only about 
50% With the spores of therraophihc bactena, 98 to 99% were Jailed when 
exposed m 5% sucrose solution, and only 75% died m 20% sucrose solution 
Yeast m grapejuicc vaned enormously, sometunes 3 mmutes sufBced to stenhse 
the culture, at other times, a few cells survived even after 15 mmutes 
Equally fluctuatmg results were obtamed with the mixed flora of milk The 
efficiency of the method vaned from 20% to 99% m terms of fatahty System- 
atic experiments show'ed that the great protection exerted by milk was due not 
to the fat or the lactose, but to the casern The great retardation of death in 
the presence of proteins has spoiled all hopes that this would be an efficient 
method of stenhsmg milk and other foods without heat 
This method of dismtegratmg cells can be used to obtam certam cell consti- 
tuents from cell suspensions because heat-labile protems are not denatured by 
sound waves Chambers and Flosdorf (1936) produced cell-free antigens of E 
lyphosa and Streptococcus hemolyttcus m this w ay 

II DEATH B1 IRRADIATION 

Of the Wide range of radiations existmg on earth, only two regions have a 
pronounced lethal effect on bactena, namely, the ultraviolet ran^ 

Lthode to X-ray range Visible rays do not affect bactena appreciab y ere 

is a possibility of a very slight effect accordmg to Duggar (1936, p 1 27) 
R^diationf can produce chemical or physical changes only when they are 
abSS That IS the reason why X-rays which have the power to penetrate 
o« tissues without bemg absorbed are not used m practical disinfection 
wS ulte^olet rays, which are noticeably absorbed even by such tr^arent 
gLssi water, are apphed m many ways for stenhaation 
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Color IS produced bj the absorption of selected m e lengths of ^ isible hght 
The color of ultra^^olet hght is im isiblc to us, but its absorption bj”^ chemical 
compounds can be measured quantitatn elj by the absorption spectrum Gates 
(1934) has shoMn that “the destruction spectrum of pepsin b}^ ultra\nolet agrees 
essentially Math its absorption spectrum ” This a erifies the abo\ e statement 
that only the absorbed raj s can produce chcnucal changes 

Details of the effects induced bj different radiations can bo more readily inter- 
preted after a discussion of the fundamental cause of death by such raj s 
1 The cause of death by irradiation is the inactnation of some essential ceU 
constituents by the energj of the absorbed rajs X-rays have been used for 
many years to produce mutations in plants and animals (see re^^e^\ bj^ Duggar, 
1936) It IS assumed that a quantum absorbed by a chromosome either destroys 
one or se\eral genes, or disturbs their arrangement If the destroyed gene is 
essential for multiphcation, the cell may remain alue, but cannot reproduce, it 
becomes sterile hlicroorganisms are no exception hlutations by means of 
X-raj-s have been produced m bactena, (Haberman and Ellsworth, 1939, 
Lmcoln and Gowen, 1942) m yeasts, (Oster, 1934, Lacassagne ct al , 1939) 
and m molds (Beadle and Tatum, 1941-2) Mutations of molds (Steiens, 
1930) and of bactena (Sharp, 1940) ha\e also been produced by ultranolet 
hght, and death by ultraiiolet may well be considered to be a lethal mutation 
bea and Hames (1940) used this \exy term, apparently without knowledge of 
Rahn’s (1929, 1934) explanations of death and Jordan’s (1940) identical deffm- 
tion 

The corpuscular theorj’’ of hght assumes that rays are rmnute energj’’ pro- 
lectiles movmg with an enormous speed They differ greatly m their energy 
content which is released upon absorption and causes changes which may lead 
to death The physicist frequently speaks of a “quantum hit” when he means 
absorption of a quantum Therefore, death by radiation is death by bombard- 
ment and comparable to death by shaking with glass beads, and w e must expect 
a stnctly loganthmic order of death hlost data wnth cathode rays (Wyckoff 
and Rivers, 1930), X-rays (Wyckoff, 1930) and ultranolet (W'^yckoff, 1932, 
Sharp, 1939) show this Of the sumvor cur\ms for 10 bactena given bj’’ Sharp 
(1939) seien are straight, while three are concave downwards resembimg the 
survi\ or curves of multicellular organisms The exceptions are represented by 
two staphylococci (which form clumps) and by the thread-fonnmg anthrax 
ac us These bactena would be expected to produce exceptional cuiwes 
km. u survivor cuiv^es of mold spores are concave downwards 

an et al , 1940 ^ Zahl et al , 1939) This is tjpical for mold spores by all 
of death (Ralm, 1943) The data of Gates (1929) for staphylococci 
re o concave downwards The one unexplamed exception is a curve of the 
^ The ^ suspended m air, obsennd by Sharp (1940) 

boml^ ^eaplest case is the death by cathode vseys which can be considered as a 
“for ^ electrons Accordmg to Wyckoff and Rivers (1930), 

155 Ky 1° baedh, B coh and B aerirycke, the absorption of a smgle 

Stanh 1 rs sufficient to cause death The same is undoubtedly true of 

y ococcus aureus Furthermore, aU, or nearly all, the electrons absorbed 
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tni ^ “ senatmty to cathode rays shown by the bac 

tern studied can be explained by the purely physical factor of size ” 

The explanation is to be sought m the great energy contained m the electron 
The same authors state that "a 150 KV electron will hberate about 10' ions 
vitlm less than 0 001 mm» Together with this ionic shower, X-rays are emitted 
as a consequence of electron absorption ” Smce 0 001 mm* is the sam^Tl 
“PP™™“ateIy the volume of an average bactenum, one ab- 
sorbed electron can lomze the entire cell to complete destruction The eneray 
decreases os the wa\e length increases With X-rays, Holweck 
(1929) and Lacassagne (1928) obsenred that a cell of Pseudomonas aeruginosa 
^ be killed by absorption of a smgle quantum, but only if it is absorbed by a 
deSmte part of the cell which they call the "sensitive zone " WyckofE (1930) 
measured the average number of quantum hits required to kill a cell with X-raj's 



Fro 3 The SrmvirAE Ratios or the Spores or Rhizopes niobjcaas itxder the 
Action op Ka X rats (fhou Ltitet, 1932) 


of different wave lengths From these, the size of the sensitive zone could be 
estimated The results were 


Wave length, A 

0 56 

0 71 

I 5 

2 3 

4 0 

Quanta required to kill 

4 64 

6 46 

14 2 

29 5 

69 7 

Sensitive volume (cell “ unit) 

0 22 

0 16 

0 07 

0 034 

0 014 


Yeast cells are larger, their volume is of the order of magnitude of 100 
and It cannot be expected that eveiy electron hit will strike a vital ce^on^i^ 
uent Consequently several quanta are needed to kill a j east cell (Wy^ofi 
and Luyet, 1931) Mold spores are larger than 3^east cells, and the loganttoc 
survivor cunre of the spores of Rhtzopus mgncans, figure 3, shows plainly that 

manv quantum hits are necessary to kill the spore 
In^tho case of ultraviolet radiation, several milhon quanta m^^ be absorbed 
u f n rpll IR killed and Wyckoflf’s (1932) calculation of the sensitive zone 

SSittlSo^lio^t S- of apretin-lecule WyckoS bdiev^ that 
proved it to w o y ^ ultraviolet to be quite different from 
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sensitive zone in Drosophila, vrliich. must be hit m order to produce a mutation, 
IS about 10“^® cm®, or a cube nuth sides of 0 01 /i This is the volume of a fairly 
small protem molecule F ncke and Demerec (193 / ) estimated the ai erage 
diameter of a gene to be about 25 A. = 0 0025 fi Haskms and Enzmann (1936) 
obtamed the same \ alue Smce death of bactena can be considered as a lethal 
mutation, the measurement by Wjckoff supports this luen’pomt very vrell 
The energy m a smgle quantum of ultramolet radiation seems just sufficient to 
mactivate the protem molecule vhich absorbs it, but not sufficient to cause 
further effects Thus, death occurs only nhen an mdispensable and irreplace- 
able protem molecule is hit by the quantum Quanta of nsible hght have less 
energj'-, and cannot mactivate the protem molecule e\ en with a direct hit, and 
therefore cause no death 

This simple theorj'- of death has been questioned by Rentschler et al (1941) 
who beheve that "the relation between the amount of ultramolet radiation and 
the per cent of bactena killed is detemuned by the distnbution of bactena of 
different resistimty to the radiation and is not due to the probabdity of hittmg 
a \utal spot m a given organism by a photon ” They prove quite conclusive!}* 
that bactena at the stage of rapid cell division are much more sensitive than 
restmg bactena, at least 5 times as sensitive according to the method of calcu- 
lation used Hon ever, that does not disprove other evpenments which were 
almost always made with restmg cells A graded resistance cannot evplam the 
loganthmic order of death as Hahn (1943) has shown 
These authors claim further that the smgle photon-hit theory can hardly 
evplam the fact that a sublethal dose retards the rate at which colomes develop 
after irradiation However, this really should be expected A photon hit, 
1 e the absorption of a quantum of ultraviolet radiation, lomzes the immediate 
eninronment of the place of absorption If no hfe-unportant gene is destroyed, 
there is hkely to be other mjury which, although reparable, may cause consid- 
erable delay of development 

Disturbances of the mechanism of cell division and growth coordmation by’^ 
rays have been frequently recorded Luyet (1932) estimated the amoimt of 
mjury by \anous rays upon the spores of Rhizopais mgncans by measurmg the 
average length of mycehum per spore produced withm 24 hours after exposure 
He also obsen>^ed spores which swelled to nearly 5 tunes then diameter, but never 
produced a mycehum Oster (1934) reported giant cells of yeasts and two-ceU 
groups from 3 to 8 times the size of nonnal two-ceU groups, after exposure to 
ultrainolet Gates (1933) descnbed a loss of cell divnsion, but contmuance of 
growth by E colt after ultraviolet irradiation Some ceUs contmued to m- 
crease m size, especially m length, but did not dmde, and produced filaments, 
sometimes 50 to 150 m m length, with a diameter occasionally three times nor- 
mal These ceUs fina l ly degenerated, or began suddenly to divide 

The mechanism of ceU dmsion and coordmation seems to be more sensitive 
than that of growth as such, i e , of orgamc synthesis, and this agam is more 
sensitive than that of catabolism, of enzyme action and energy provision Yeast 
cells exposed to a mercury vapor lamp lost the abihtj^ to produce colomes on agar 
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cell capacity to reproduce An mcrease m temperature doee not mcrense the 
cnergj’ liberated bj absorption It may, however, mcrease slightly the radius of 
the ionization zone around the absorbed quantum Thereby, a shght mcrease 
m deaths be obsen-ed at higher temperatures for such cases where the 
quantum hit was not close enough to the sensitue zone to cause inactivation 
at io\\ temperature, but is just sufficient at the higher temperature This 
leads to the assumption of a temperature coefficient analogous to that of photo- 
chemical reactions, which amounts to an almost negligible mcrement 
All measurements hai c confirmed this assumption Hercik (1936) reported 
a Qio of 1 for the a-pnrticles of Polonium For ultraviolet light, Bayne-Jones 
and Lingen (1923) found the lalue 1 15, Gates (1929) found an average of 1 1, 
E Smith (1935) obscn'cd mth Fusanum spores between 0 and 40 C a tempera- 
ture coefficient of 1 13 This is defimte proof that death is not caused mdirectly, 
c g , through formation of toxic peroxides The lethal effect of perojudea would 
have a much higher temperature coefficient 
S Effect of wave length The death rate depends upon the number of quanta 
absorbed as v cll ns upon the energy per quantum In the range of cathode rays 
and X-ra}'s, no preferential absorption of certam wa\e lengths has ever been 
obson'cd, and death depends only upon the amount of mcident energy 
In the ultniMolct range, different orgamc compounds are characterized by 
their preforcntml absorption of certam wave lengths, and we must expect the 
strongly absorbed wave lengths to cause more damage per erg per mm* of mci- 
dont energy than those waie lengths which are but shghtly absorbed Gates 
(1930) determined the absorption cun'e for ultraviolet with Staphylococcus aureus 
and E coh and found important pomts of sundanty and of difference with the 
bactencidal ounces Elinsmann (1930) obtamed essentially the same results 
Tlic difference begins with wave lengths longer than 2800 A There, the great 
absorption is not accompanied by a correspondmg death rate, probably because 

of the low energy per photon „ , -p u 

In practically all species mvestigated by Ehnsmann, Coblentz and button, 
Duggar and Hollacnder, Gates, and Wyckoff, the greatest absoiption takes place 
around 2050 A, and at this wave length, the largest number of cells per erg of 
incident cnergj' is killed With longer and with shorter wave lengths, the per- 
cent^ge of killed individuals decreases At 3300 A, the deat^^r are less 
0,^^% of tbnt obtoraed ns.t 2650 A. and at 2400 A, about 50% of th» ma-a- 

"Thrstudy ’of the effect of the eabre races of electroma^eBc wave, oo Ih™ 
f m Johnson (1932) found that the only effect of the \TSible hght rays was 

5„„a«.f.e,ctp«»-efor.weeLo,raore No 
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effect -was observed after exposure to infra-red rays above 7 ,000 A, or to Hert- 
zian waves of 50 and 100 m 

4 Sensitivity of different species The differences between different species 
m. their resistance to X-rays or cathode rays have been explained by Wyckoff 
(1930) to be due sunply to differences m size Almost any absorbed quantum of 
these rays is lethal, and there seems to be no significant species difference of 
absorption 

This IS also true for ultraviolet radiation All mvestigations have shown that 
the sensitivity of different species of bacteria vanes but httle Sharp (1939) 
workmg with 10 species reports, as extreme variations of energj' required to kdl, 
168 ergs per mm= for dysentery bactena, and 337 ergs for diphtheria bacteria 
Even bacterial spores are easdy killed Sharp found m 1939 that a culture of 
B anthracis with spores required 452 ergs In 1940, he observed that a spore- 
containmg culture of B subtilis sprayed mto air had to be exposed 2 to 3 times 
as long as E coli to obtam the same killing effect Duggar and Hollaender 



Fig 4 CoiiPABATiTE Intensities of the EjujxG Effect of Diffebekt 'Wave- 
lengths Acting on Diffehent Oboanisms (feom Rahx, 1936) 

(1934) could kill 85% of the vegetative cells of B siibiUis and B megatherium 
with 165 eigs per mm- while the spores needed 182 ergs Lea and Hames (1940) 
found the spores of B mesentencus to require 5 tunes as much energy as E coh 
The sumlanty of the death curves suggests that the molecules, whose inac- 
tivation by ultraviolet causes death, are similar m the different species This 
agrees with the conception of death as a lethal mutation, because genes must be 
considered as nucleoproteins, and though they may differ specifically, their ab- 
sorption spectra are probably qmte similar 

The spores of molds are more resistant, and the resistance vanes greatly 
with the species Fulton and Coblentz (1929) studied the lethal action of ultra- 
inolet radiation upon the spores of 27 widely different species Sixteen of these 
could be killed by a 1-mmute exposure to a mercury-tungsten lamp, with 4 
others, less than 1% survived, but the two most resistant species had between 
40 and 50% surviiors after a 4-inmute exposure The authors explam this 
by “the difficultj’- m ray penetration of the spore walls due to their protective 
coloration or to their composition ” The mycehum is more easily kdled than 
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tbo gjorcs The spores of PentetUtum digUaium required 9 ton., in 
a^osuro M E coll This penicilhum belonged to the 16 easilj killed 
and the obsen ation by Koller (1939) that spores of 
to 100 times as much energj^ as E coh is not contradirtory ^ 

Iho Mnis of tobacco mosaic was far more resistant than the snores of B 

Mts or of B rncpalfimum, but responded essentially to the same ™ lengths 
(Duggar and HoUaender, 1934) ^*=nguis 

Ultraviolet rays are widely used for the stenhzation or air, especially m hos- 
pitals and operatmg rooms (see renew by Hart and Sharp m Glasser’s hledical 
I hysics, 1944) They arc also employed to decrease the contamination from 
the air of brewenes, bakencs, meat and vegetable storage rooms (see review bv 
Porter, 1940) 


Ultmnolet radiation has been used for the sterilization of the water supphes 
of a fci\ cities m France The process is efficient, but avpensive Many labora- 
tory attempts have been made to sterilize milk, but this method has not been 
used as jet by the dain mdusto' (Supplee el al , 1941) Stenhzation of sohd 
objects must necessarily be hmitcd to the very surface, and while fair success is 
clauned for meat in storage (Porter 1940), Fulton and Coblentz obtamed dis- 
couragmg results in ti^ung to stenhzc oranges Hall and Keane (1939) could 
kill all the spores of thermophihc baetena m sugar m laboratory evpenments, 
but m large scale manufactunng, ultramolet radiation destroyed only half of the 
spores, on account of the absorption of the rays by the sugar crystals 


m DEATH Dunmo ajjd attek desiccation 

Tw 0 different effects must be considered separately when the desiccation of 
baetena is concerned, namely, the number of fatahties due to the removal of 
moisture, and the gradual death of those baetena which survive the change from 
the moist to the dry state The two causes of death are qmte different, and are 
independent of each other 

1 Death during desiccation The earher theones referred only to the death 
of baetena spread m thm layers on some surface, and it was beheved that bac- 
tena could not sumve complete drymg, but were protected against this occur- 
rence more or less completely by the capsule of the drj medium around them, 
and only those cells could sumve which kept their natural moisture content 
hlodcm drymg methods, especially the spraj-diymg, leaie only \ery thm pro- 
tective layers around the baetena, and 3 et many' sumve The percentage of 
sumvors may vary from 0 to nearly 100, dependmg not only upon the species 
and age of the culture, but upon the kmd of medium m which the ceils are sus- 
pended, the surface on which they are dned, and the rate and temperature of 

‘^Tost important is the medium surroundmg the baetena durmg the act of 
demcc^tion Baetena dned with their culture medium such as broth or 

famly eU while suspensions of baetena from agar surfaces or of washed 
i,nr.toria have only a very' small percentage of sumvors .. ft , 

Paul and Prall (1907) dned the staphylococci from agar surface gro , e 
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suspension m water, or small stones (garnets) of uniform size m order to have 
bactena free from the orgamc matter of the medium A decrease of about 60% 
was observed m the first 24 hours, but after that, the number of survivors re- 
mamed constant if thej'' were kept m a vacuum at veiy low temperatures The 
object of Paul and PraU's procedure was to obtam uniform bacterial suspensions 
for testmg dismfectants m the absence of orgamc matter However, the dead 
bactena were actually merely orgamc matter This becomes veiy evident from 
the study by Otten (1930) who made thick suspensions of bactena from agar 
surface growths m sahne solutions, and dned small quantities, a few drops or ^ 
to 1 ml, m tmy vials at room temperature m a vacuum over concentrated HiSOj 
He obtamed a survival rate of 2 to 5% with typhoid bactena, 0 05 to 0 005% 
with dysentery bactena, and only one sumvor out of 10,000, sometimes less 
than one out of a milhon, with the cholera vibno Otten vaned the conditions 
of diymg, and obsenTd that slow drymg kills more bactena than rapid drymg 
Qmte important was the depth of the layer of dned cells While 1 ml of a sus- 
pension of tj-phoid bactena resulted m 0 04% survivors after drjTng, 0 1 ml 
of the same suspension dned on the same surface gave only 0 008% sumvors 
The same amount of suspension, dned m different contamers of which one had 
an exposed surface ten tunes as large as the other, gave survival ratios 5 to 23 
tunes as large with the smaller exposed surface Otten then mixed the bactena 
to be dned with a suspension of dead bactena, and obtamed far better survival, 
for instance 


1 ml of the concentrated suspension yielded 


2 6% survivors 


1 ml of a dilution (1 10) with saline yielded 


1 ml of a dilution (1 10) with a suspension of dead bactena yielded 


0 08% 
P 03% 

[2 3 % 
(1 8 % 


tc 


€1 


Otten emphasizes that the bactena! proteins protect the cells not by formmg a 
cover which prevents complete desiccation, but by actmg as protective colloid 
which makes the drymg process more gentle and less abrupt In 1933, Otten 
apphed this discovery to the drymg of very sensitive species, such as the bac- 
tena of memngitis or whoopmg cough, by the addition of dead staphylococci 
He also showed that dned smallpox vaccme, was protected by the lymph pro- 
teins and could be kept active at tropical temperature for as long as 5 years by 
presen'ation zn vacuo (fig 5b) 

The majonty of experiments on desiccation refer to bactena dned with the 
culture medium which is practically always of coUoidal nature Consequently, 
the sumvor ratio is high Rogers (1914), m his first experiments, dned freshly 
curdled milk cultures of lactic streptococci by addmg an equal amount of lac- 
tose, and blowmg warm air of 43 C over the culture About 80% of the cells 
died dunng this treatment (table 2), and the death rate was greatest when the 
moisture dropped from 10% to 5% 

Higher sumval rates were obtamed by spraymg the cultures mto a current of 
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dry Harm a.r Diymg was almost instantaneous, and took place at fairlv low 
tempcraturra because of the rapid evaporation Initial bactenal counts a^ not 
&vcn, but the pondered cultures contamed from 667 milhon to 8,590 million 

lablc cells The best method, however, was the desiccation of frozen cultures 
1 or laboratoiy c\-ponments, the cultures were frozen m Petn dishes in CO-snow 
placed m a cold desiccator with concentrated H^O,, or P/l^, and evacuated to 
a vcrj' Ingh a acuum which is absolutely essential for rapid drymg 10 ml of a 
milk culture can thus be dned in 3 to 4 houre The frozen and dned cultures 
contained between 380 and 12,670 milhon bactena per gram Neutrahzation 
of the milk cultures resulted in higher bactenal counts before drymg, but m 
loner counts after drying 

“Tiic Bureau of Dairy Industry prepares, for distnbution m the field, dned 
cultures of Propwntbadcnum shcrmami, the organisms largely responsible for 
tlic charactenstic flavor and ej e formation m Smss cheese The final product 


TABLE 2 


Surriral of laclic ilrcptococct during drying of a milk culture mth added lactose 


TIWC or DfTiKO 

MOlSTOm: COKTtNT 
or cuimt 

j SUEVXVOM m OltAH 

MoUt powder 

Water free bwis 

hfiurt 

To 



0 

59 05 

785,000,000 

1,917,000,000 

0 s 

48 05 

750,000,000 

1,443,000,000 

1 0 

34 7J 

963,000,000 

1,475,000,000 

) 6 

24 05 

942,000,000 

1,240,000,000 

2 0 

10 56 

916,000,000 

1,024,000,000 

2 6 

4 74 

351,000,000 

368,000,000 


3 25 

385,000,000 

393,000,000 


Data of Rogers, 1914 


may contam as many as 700,000,000 viable bactena per gram" (Fundamentals 
of Dairy Science, 1935, p 432) Commercial yeast cultures are usually dned 
on some cereal constituents, lactic cultures for dairy starters are sometimes dned 
on lactose, the rapid absorption of 5% water of crystallization by anhydrous 
lactose may be of help m rapid diymg Bactena m soil sumve drymg qmte well 
Eahn (1907) found that 36% of the ongmal flora of a good farm soil was still 


alive after 56 days of slow drymg 

The Amencan Type Culture Collection uses drymg quite exte^vely to 
nrcserve cultures, because it not only avoids the necessity of contmuai trar^era, 
but also prevents the formation of variants, dissociants, mutants etc Dned 
cell clot possibly change their morphological or phyaological "re 

Different species exhibit qmte different resistances to desicration Stark and 
w^rTn (1931) found that streptococci could tolerate the sudden change 
? ^st ti dry state (when the bactena nere dned m their culture meihum) 
S. wt fcn B «.(. or MacUln. .hJe »d rWbyl- 

cocci showed an intermediate tolerance 
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The sur\aval of bactena dunng the process of desiccation and afterwards is of 
importance m pnbhc health as well as m food preservation In the manufacture 
of rmlV powder, for mstance, not all bactena are killed Even the severe treat- 
ment of the drum-dr 3 Tng method, where the milk flows onto rotatmg, steam- 
heated drums and is scraped off as a paper-thm, drj’ sheet, leai es some vegeta- 
tive forms ahve Accordmg to Supplee and Ashbaugh (1922), usually onlj’’ one 
out of 10,000 bactena survives The \ery rapid spray-drjmg process yields 
a much higher sumval ratio The book of Hunziker (1935) has compiled a 
large number of data, and the plate counts of drum-dned powder range from 
45 to 600,000 per gram vhile the spray-dned powders have the much higher 
limi ts of 4,400 and 5,500,000 A more recent sun'ey of 671 English milk powder 
samples by Crossley and Johnson (1942) shows the wide extremes of 200 and 
19,500,000 bactena per gram 

Bactena dned on metal surfaces die \shen m direct contact The fact that 
many bactena can be obtamed from corns means onlj’’ that there is a layer of 
protective dirt preventmg immediate contact between bactena and metal 
Ordinary glass contains free alkah, and bactena dned on coverglasses usually 
do not sumve long 

Campbell-Ilenton (1941) tested the resistance of bactenophage to desicca- 
tion and found that the decrease is approximately loganthmic Different 
phages varj’’ greatly m tolerance, of 15 phages for the dysenterj’- bactena, 8 
were reduced to less than 1% of their ongmal activity after 24 hours of drjung, 
while 6 had more than 50% of their actmty left Once m a dry state, the n- 
abihtj’’ decreases verj'" slow ly if the vacuum is mamtamed Even after 3| ye&rs 
of storage over PjOs, some phages had lost httle of the activity which was left 
after the mitial decrease by the drjnng process as such Most resistant were 
the phage “Pasteur” for Staphylococcus aureus and the phage “D M Large” 
for Salmonella schoUmuellen 

2 Death of dry bacteria The death rate of drj’^ bactena was first studied by 
Th Paul (1909) and bj-’ Paul, Birstem and Reuss (1910) Staphylococcus aureus 
was dned on garnets, and the cells died slowly, and m loganthmic order, when 
kept at room or meubator temperatures The actual cause of death was found 
to be oxidation Table 3 illustrates the effect of the oxygen concentration on 
the death rates which were computed from frequent plate counts The bac- 
tena of Senes A w ere kept m air and m commercial oxj^gen while m Senes B, 
an mtermediate oxj-gen concentration was used The concentration exponents- 
ai erage 0 44 which means that the death rate is approximately proportional 
to the square root of the oxi gen concentration Rogers (1914) also found a 
higher death rate m air or m oxygen than in lacuo, m hydrogen or carbon 
dioxide Howei er, bactena die also m the complete absence of oxj’-gen, though 
quite slow ly The cause of this death has nei er been studied 

The concentration exponent n is calculated from the ratio of two diSerent concentra- 

corresponding death rate constants, by the equation 
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The order of death is essentially logarithmic as may be seen from fig 5a 
nhich shows the average decrease of viable bacteria m 9 samples of milk powder 
kept at 5 different moistures The break at about 500 bacteria per gjam may 

TABLE 3 


Death rale constants of dried staphylococci at different temperatures and 
oxygen concentrations 



1 

OXYCtK COHOaf 
TtATIOf 

DEATH BATE CO 

1 . mmAi. mnacai | 

Qii 


SOBVIVOW 

»t w j c ! 

1 »t 2IJ) C 

1 at 37 4 C 
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A 

20 S ^ 

0 0017 


0 0167 

3 3 


9G 2 1 

0 0034 


0 0256 

2 7 

• ^1 

Concentration exponent n j 

0 46 1 

u 

0 32 


u 

20 8 1 


■QHH 

0 0264 

2 1 


6 i 




0 0369 

2 0 


00 2 

~ 

0 0200 

0 0444 

1 5 




0 36 

0 68 


Concentration exponent n 

1 

0 50 

0 46 



Data of Paul, Biretem and Reuss, 1910 
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about 3 for senes A, and of 2 for senes B Kogers’ (1914) espenments mtb 
dned lactic cultures sbow a Qio of 3 6 between 0 and 30 C 
The sunui al of pathogenic bactena, e g from dned feces, or spray-dned by 
coughing and sneezmg, must be known m order to prevent epidemics The 
bactena remaunng viable on dned vegetables and meats, on milk powder and 
egg powder decide how readity the food will spoil when moistened Sugar 
contains usually the very resistant spores of thermophihc bactena which spoil 
canned i egetables because the spores survive the cannmg process 'While m 
some cases, we employ drying m order to kill as many’- bactena as possible, we 
utihze, on the other hand, the longenty of dned bactena as a great help m 


TABLE 4 

Survivors of dned cholera vibrios, per million cells 


SHtAEi or \TBMO 

Euxviroas atjul 

24 hours 

S months 

4 years 

Shillong 653 

1,950 

2S4 

26 

ShiUong 1077 

12,700 

4,200 

5 2 

Shillong 610 R 

4,630 

2,600 

0 

Shillong 610 R 

[ 1,960 

155 

0 

Rangoon R 

1 14,200 

450 

12 

Inaba S 

1,950 

— 

97 

Inaba R R'’ 

16,000 

— 

7,000 

Rangoon S 

62 

— 

3 2 

El Tor D 12 

11,000 

— 

50 

El Tor D 12 

21 

— 

15 

El Tor D 31 

4,100 

— 

30 

El Tor D 35 

51,000 

— 

550 

El Tor D 35 

100 

— 

12 

El Tor D 6 

2,150 

— 

0 

El Tor D 33 

4,700 

1 

0 


Data of Campbell-Renton., 1942 


providmg cultures for commercial purposes magic yeast, starters for dairy 
purposes, and nodule bactena dned on soil 
Bactena are also dned to prevent them from changmg their properties by 
mutation, dissociation or adaptation hlost of these cultures, if they are to 
remam ahi e for a very long time, are kept m a vacuum and at veiy low tem- 
peratures How they’ gradually decrease, may be seen from CampbeU-Renton’s 
(1942a) expenences with the very sensitive cholera vibnos kept at room tem- 
perature m a high vacuum over PsOs (table 4) 

3 Death hy dry heat Dry’ cells display no hfe functions, the enzymes are not 
active m the absence of moisture, even endogenous catabohsm has ceased The 
cells die from oxidation, and when the temperature is raised above the maximal 
temperature of the species under test, death is stdl due only to oxidation There 
is no coagulation of protems because dry’ proteins do not coagulate when heated 
to 100 C, and dry enzymes retam their activity All experiments show that at 
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denth rate is due merely to an increase m the rate of o^dation, there is no 

aX olrZt"" *“"’ »' ”» 

Ottcn (mO) found dned typhoid, dysenteiy and cholera bactena able to 
CTmvc 37 0 for many months, 42 C for several weeks, 58 to 60 C for 7 to 10 
daj^, and even 100 C for 1 to 2 hours Boysen (see R^, 1932 p 309) meas- 
ured the death rate of yeast dned on infusonal earth and on sand The tem- 
perature cocfBcient between 60 and 98 C fluctuated between 4 2 and 6 8 whfle 
betnecn 30 and 50 C, it vaned from 21 to 4 1 

Though dry heat is used m all laboratones to stenhze Petn dishes, pipettes 
and other equipment, there seems to be a surprising lack of a systematic study 


TABLE 6 


Dtalh times (tn minutes) of the spores of Clostridium boiulinum exposed to dry heat 


rt3£r 

I 

n 

nr 

IV 

V 

c 

110° 

>120 

>120 

>120 

>140 

125-120 

115° 

>120 

>120 

>120 

>210 

80-85 

120° 

110-115 

95-100 

110-115 

>220 

100-105 

125° 

>00 

>60 


40-45 

45-50 

130° 

55- 60 

30- 35 


40-45 

55- 60 

135° 

35- 40 

35- 40 


>65 

>65 

110° 1 

30- 35 

40- 45 

60- 65 

15-20 j 

15-20 

146° 

25- 30 

! 15- 20 

25- 30 


10- IS 

150° 

20- 25 

15- 20 

25- 30 


' 10- 15 

165° 

10- 16 

10- 16 

25- 30 

5-10 

10- 16 

100° 

20- 25 

16- 20 

20- 25 

20-15 

10- 15 

105° 

170° 

176° 

180° 



15- 20 

10- 16 

5- 10 

5- 10 




Data of Tanner and Dack, 1922 


of the death rates at high temperature In 1921, Ayers and Mudge measured 
the death tunes of E coh and of a heat-resistant lactic type by diymg aqueous 
suspensions from agar slants on tm stnps, and plamgjbese m wide test tu^ 
m m oil bath They found that in order to be killed m 30 mmutM, E coh 
needed CO C m milk, but 71-82 C in hot the lactic ^ 
hut 110 C in hot an, a sporeformer needed more than 132 C m hot a 

All othir expenm nts by these authom were made upon milk cans that were 
Xrt m ho. ao-, » that »o prnmeme 

foniTould be draivn In the experiments by Dahlberg and Marc^uardt (1932) 
L dmr^ utensils to be stenhzed m dry heat were also placed mto the heater 

while still wet ^ of T^er and Dack 

X •0^ *">«» ' 
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dned them, and determined the death tunes at temperatures ranging from 110 
to 180 C The results are given m table 5 

The temperature coefficients of death by dry heat are verj’- low From the 
data of table 5, the temperature coefficients for the entne range are 1 75, 1 85, 
1 65, 1 59 and 1 83 This may seem contradictor^' to the Qw of about 3 shown 
m table 3 However, those coefficients refer to temperatures betveen 18 and 
37 C As will be explained m the section on Death by Aloist Heat, temperature 
coefficients decrease shghtly with mcreasmg temperature A reaction with a 
Qio of 3 at 20 to 30 C will display at 160 to 170 C a Qjo of only 1 7 (see table 10) 
Therefore, the results of Tanner and Dack (table 5) and those by Paul el al 
(table 3) are not m disagreement 

The obvious consequence of these Ion temperature coefficients is that an m- 
crease of 10 degrees does not reduce the heatmg tune greatly With a Qio 
of 1 7, the temperature must be raised 13 degrees m order to halve the stenhz- 
mg tune This low coefficient is the reason why the vanous laboratory manuals 
disagree widely on the tunes and temperatures necessary to stenhze dry glass- 
ware There is no disagreement about the stenhzation of media m the auto- 
clave because the temperature coefficient m this case is so high that an mcrease 
of 2 to 3 C cuts the stenhzmg tune m half 

W BEATH BY LOW TEMPERATURES 

1 Suhmimmal t^peratures Most bactena cease to grow at temperatures 
5 to 10 C above the freezmg pomt, and when they cannot grow, they die without 
bemg frozen, though very slowly Hilhard and Dams (1918) suspended cells of 
Eschenchia coh m glucose solutions and subjected them to temperatures as low 
as — 6 C which did not freeze the solution About 50% of the cells died m 
3 hours while m parallel suspensions m water nhich crj'stalhzed, 93 to 99% of 
the ceUs were killed Streptococcus lachs which cannot multiply at temperatures 
belon 5 C was held by Hahn and Bigwood (1939) at 0 to 2 C The ongmal 
number of 227 million ceUs per ml of milk decreased m 114 days to 

16.000 per ml when the culture was not treated, 

34.000 per ml when the culture was neutralized at the start, 

450,000 per ml when the air was replaced bj mtrogen, 

63,000,000 per ml when the culture was neutralized and kept under nitrogen 

Apparently, death is pnmanly due to a change of some essential cell constituent 
by oxidation which is prevented or repaired above the TmmnmTm temperature, 
1 e as long as the temperature penmts the synthetic mechanisms of the cell to 
function At 0 C, the oxj gen concentration is tmee as high as at 30 C 
2 Cold shod Bactena may also die from cold shock Sherman and Cam- 
eron (1934) could kill about 95% of very young cells of E coh by coohng them 
A erj suddenly from 45 C to 10 C iihile gradual coohng durmg 30 mmutes caused 
no injurs' Some other species were less sensitive In older cultures, only a 
small percentage of the cells died The cause of death is not known Belehr4- 
dek (1935 p 147) states “Under the action of cold, the cellular content is some- 
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traes display la an atypical way " Several examples are given It seems 

Tat e m is likely to enhance su?h displaLent 

abk^ for organiams are avail- 

able for comparison Ivylm (1917) observed complete cessation of plasma 

St earning m the alga I^zlclla clavala after sudden cooling from 20 to 3 C Here 
as inlb bactena, the emphasis is on suddenness It is imaginable that a veiy 
rapid temperature change disrupts the cell mechanisms either by upsettmg 
chemical equilibria, or by spatially disconnectmg some cell functions which 
depend upon each other The obsen-ation by Plough (1942) that temperature 
shocks mcrcasc the mutation rate, seems less likely to explam the death of such 
a high percentage of bactena although we have learned to look upon death of 
bactcna as a letlial mutation (see p 9) 


TABLE 6 

Death by conttnuaus freezing and by alicrnaie freezing and thamng 
(Kumbera indicate piote counts per ml ) 


covTTCTODs neemo 

AtTEtltATE ymjDTO 

EberthcUa lyphosa 

Inoculum 

40,896 

Inoculum 

40,896 

24 hrs 

29,780 

Proren 3 tames 

90 

3 days 

1,800 

Frozen 5 times 

0 

4 dajs 

950 

Frozen 6 times 

0 

5 dajs 

2,490 



Serratia marcescena 

Inoculum 

339,610 

Inoculum 

339,616 

24 lire 

36,410 

Refrozen once 

2,670 

30 lira 

41,680 

Refrozen 2 times 

276 

4S hrs 

14,440 

Refrozen 3 times 

15 

DO hrs 

4,850 

Refrozen 4 times 

0 


Data of Hilliard and Davis, 1918 


3 Freezing Wlien the water surroundmg the bactena changes to ice, the 
u ator inside of the ceU usually sohdifies too, as its freezmg pomt does not differ 
creatly from that of the medium Sohdification of the water prevents any 
land of metabolic action, and there is some analogy between frozen bactena 
and drv bactena In both cases, the act of transferring bactena fr^ the 
roiarm“anhydrous state is a severe ordeal and kills many celb, but 
those which survive die at a very slow rate if kept anhydrous HiUi^ and 

Davis (see table 6) compared alternate freeiang and thawmg with the bdding 
Davis isee xame > v freezmg and thawmg 5 successive times, 

initial freezmg 


STERlLIZi-TIOK OF MICRO OBG\^^S■\IS 


23 


The greatest by the act of freezing must be due to the change of ivater 

to ice -which is accompamed by expansion, by crystal formation, and by col- 
loidal changes Expansion is not so likely to mjure the rather elastic cell, but 
sharp-edged ice crj^tals ma}’’ puncture the plasma membrane Some colloidal 
solutions, after freezmg and thanmg, remam unchanged -while others show a 
separation of the concentrated colloid from the bqmd phase, the melted crj'stals 
Such separation is commonly obser\’'ed in frozen cells of plants and animals, 
and results m death of the cell 

Crystalhzation requires the presence of seed cr 3 'stals or the formation of 
crystalhzation nuclei by a special collision of -a ater molecules The probabdity 
of such collisions is greatlj'- reduced by colloids Accordmg to Callow (1925), 
the addition of 3% gelatm to water reduces its velocity of crystallization to 
1/350 of the normal rate Ice formation m cells -c^ll therefore be slow The 
number of nuclei per cell -wdl also depend upon the volume mvolved, and ice 
formation m bactena -isaU be slo-v\ er than m the much larger cells of plant leaves 
This may account for the fact that as a rule, not all cells m a suspension of bac- 
tena are killed bj"^ a smgle freezmg 

Freezmg mvolves several causes of death, and the most common cause, mjury 
by ice crystals, is quantitatively unpredictable Thus no order of death can 
be expected, and no order has been observed The survivors of the freezmg 
process die at a very slow rate when kept m the frozen state Bactena, yeast 
cells and mold spores have been kno-wn to sumve for several j^ears m the frozen 
condition It is impossible to stenhze foods or even water by freezmg 
A different picture is obtamed when freezmg is accomplished \ ery rapidly to 
very low temperatures, e g by immersion m hquid an Then, the water m the 
cells IS not changed to ice crj'stals, but to a glass-hke, amorphous mass Lu 3 ’^et 
and Gehemo (1940) speak of this change as -\utnfication, and of the physical 
state as intreous Water m the \’itreous state may change to the crystalhne 
ice stage, and this happens more readily at higher temperatures, when the -\ntreous 
mass IS warmed slowty to a temperature near the freezmg pomt If cells are 
successfully -vitnfied -vnthout formation of ice, they can be held at low tempera- 
tures for a very long time -without danger of ice formation This danger exists, 
however, durmg the tha-wmg process Bactena which have survived Mtnfica- 
tion, may thus be kiUed durmg the thawmg Rapid tha-wmg -wiU prevent this 
It IS not surpnsmg, therefore, that Eyes and Potter (1939) found tubercle 
bactena to survl^e rapid freezmg and tha-cmg 20, 40, 80 and even 200 tunes 
when frozen m steel test tubes m hqmd an, and thawed m hot water Only 
one experiment was made -with COr-ice m glass tubes, and no gro-wth in mtro 
could be obtamed after 25 alternations of slow freezmg and tha-wmg Storage 
in the refngerator for 6 j-ears at — 3 C killed aU bactena because the refngerator 
vas defrosted twice each 3 ^ear which meant twelve very slow freezmgs and 
thawmgs ETiat seemed offhand to be a most se^ere treatment, namety, the 
rapid change over 200 C m hqmd air, pro^ ed to be rather harmless, thanks to 
Mtnfication The hterature on this pomt, and on freezmg generalty, has been 
renewed cnticall}' b 3 ' Lu 3 et and Gehemo (1940) 



24 


OTTO RABN 


V DEATH BT MOIST HEAT 

H ^destruction of bacteria Glass- 

arc and ce^m mstruments and matenals are sterilized with dry heat The 
effect of high temperatures on diy bactena has been discussed m the preceding 
pages Other matenals are heated nhen wet, e g , foods m the cannin^rocess 
milk, beer and wine durmg pasteunzation, culture media for bactena and 
surpeal dres^^ For this process, the term “moist heat” is most commonly 
ured although Cluck, m the first detailed quantitative study, gioke of it i 
death by hot water ” The cause of death m moist heating is quite different 
from that m do' hcatmg, and the rules applying to the one method do not fit 
the other Death bj drj' heat is pnmanly an ondation process, death by moist 
heat IS due to coagulation of some protem m the cell 


J Thermal death point and thermal death time The standard of companson 
of heat tolerance of different species was ongmalJy the Thermal Death Pomt, 
1 c , tlic lowest temporaturc at which a suspension of bactena is kiDed m 10 
minutes (see Descnptive Chart, Society of Amencan Bactenologists) This 
method cannot give comparable results unless the conditions are standardized 
ns to age of culture, approximate number of cells, pH of suspension, dimensions 
of test tubes and thickness of glass in the test tubes 
Hcscarch workers in the cannmg mdustiy found it more smtable for their 
purposes to keep the temperature constant and to vary the time Thermal 
Death Time is the shortest time necessar)' to kill all bactena m a gii’en suspen- 
sion at a given temperature Bigelow and Esty (1920) suspended the bactena 
or spores to be tested in clear juices from canned foods, distnbuted the suspen- 
sion imiformly among a number of small narrow glass tubes, sealed these com- 


pletely bj' fusing the glass, and dropped them into an oil bath of constant tem- 
perature Tubes were removed at different tunes and meubated, survival of 
any bacteria became endent by clouding of the medium A review of vanous 
slight alterations of techmque is given by Beamer and Tanner (1939a) It is 
necessary to deterrmne the uutial number of cells or spores, because the thermal 
death time is longer wuth larger mocula 

2 The order of death The order of death by heat is loganthmic From the 
earliest quantitatn e measurements b 3 ’^ Chick (1910) to the extensive mvestiga- 
tions by Watkins and Wmsiow (1932), death of vegetative cells as well as 
death of spores has been found to be loganthmic The mvestigatioM b> 
Bigelow and others of the National Canners Association and the many ^ches of 
heat stenhzation of spores of Clostridium botuhmim, eg, by Weiss (1921 and 
Esty and Meyer (1922) have confirmed this A number of ex^ninents y 
Beamer and Tanner (1939a, b) with vegetativ e cells of bactena and wnth yeasts 

that d»ih .> bioaglt by heat m.ct,vaton 
i he customary u ^ ^ because, for mathe- 

..sanltac 
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hours between 40 and 60 C, lost aU their respiratory enzymes at temperatures 
near the maximum for growth However, enzjTue deterioration of washed 
cells without food held for such a long tune under very abnormal conditions 
permits no conclusions as to the behavior of the same cells in a smtable medium 
Rahn and Schroeder (1941) repeated the experiment usmg the method of Ed- 
wards and Rettger for enzjme anaR sis, but thej^ measured viable cells and en- 
zjme content xn the same sample of cell suspensions of Bacillus cereus suspended 
m phosphate buffer at 46 C and 50 C The first Ime of data m table / shows that 
99% of the cells were dead when only 14% of the peroxidase and 20% of the 
catalase had been mactivated Enzjme coagulation could not possibR’- have 
been the cause of death Sunilar results had been obtamed wnth yeast by 
Rahn and Barnes (1933) 

TABLE 7 


Death of cells and loss of enzyme activity of Bacillus cereus under the action of heal 


TEMPEaATTTEE 

TIME or EXPOSimE 

VIABLE CEltS (FtATE 

covxr) 

Catalase 

dehypkocexase 

Percentage of celh or enzymes remaining 

C 

mtftules 

1 


1 

46 

10 


80 

86 


20 

0 M 

65 

1 86 


40 

0 002 * 

48 

67 


80 

0 00001 

38 

46 

50 1 

5 ’ 

2 4 



89 


10 

0 006 

56 

57 


20 

<0 00002 

56 

9 


40 

<0 000002 

48 

— 


Data of Rahn and Schroeder, 1941 


J'licrobial enzymes contmue to function for a considerable time at tempera- 
tures above the maximum for growth Table 8 shows that centnfuged cells of 
Streptococcus laciis suspended m buffer solution with glucose ferment rapidly 
at 42 C and even at higher temperatures This stram multiphes most rapidly 
at 33 C and cannot multiply above 41 C, jet at 42 C, the energy ava^ble 
from fermentation is far hi^er than at 33 C Multiphcation at 42 C cannot be 
handicapped by the heat inactivation of the enzymes, but by the inactivation of 
the sjmthetic catalysts or the cell division mechanism Similar data have 
been obtamed with yeast which grows most rapidly at 29 C, ceases to grow at 
35 C, but ferments at 44 C more rapidly than at 29 C (Rahn, 1932, p 132) 

The mathematical necessity that death must be brought about by destruction 
of a smgle molecule brmgs us back to the definition given m the chapter on 
radiation that death is a lethal mutation W e may assume that heat coagulation 
of a smgle gene prevents reproduction Such a cell is stenle, and accordmg to 
bacteriological standards, it is dead, though its enzyme content may not be ex- 
hausted Howev er, the inactn ation of the growth mechanism is likely to make 
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repair and replacement of reactivated molecides imnossible anrt . 
intent of such stenle cells must gradually decrease and tins is evident re tS? 

tion of the cause of the loganthnaic order of death, its evistence pemute^us to 
compute death rales and to draw conclusions from them which are independent 
of tmy explanation Death rates make it possible to compare the heat resistance 
of diHercnt species at the same temperature, or the heat resistance of one species 
at diiTerent temperatures It also enables us to desenbe m quantitative terms 
the effect of environmental factors, such as concentratioa of the medium or its 
pH, upon heat stenlization 


TABLE 8 

Per cent lactic acid produced in buffer plug glucose by centrifuged cells of Streptococcus laclis 

(1, '515,000, 000 cells per ml ) 


TZU 

prtA 

JONCTtS 

TUfZ 

10 

20 

30 

40 

50 

60 

90 

J20 

ISO 

ISO 

240 

c 

30 


0 030 


0 072 


0 lOS 

0 111 

0 189 

0 231 

0 279 

0 360 

33 


0 050 


0 107 


0 in 

0 198 

0 252 

0 306 

0 360 

0 137 

37 


0 072 


0 135 


0 189 

0 201 

0 316 

0 369 

0 405 

0 481 

10 


0 108 


0 ISO 


0 213 

0 315 

0 385 

0 111 

0 186 

0 549 

12 


0 099 


0 171 


0 213 

0 335 

0 385 

0 437 

0 173 

0 195 

15 

0 051 

0 099 

0 111 


0 207 

0 221 

0 297 


0 361 


0 369 

17 

0 003 

0 099 

0 330 


0 198 

0 216 

0 270 


0 306 


0 306 

60 

0 03G 

0 003 

0 090 


0 108 

0 117 

0 141 


0 171 


0 171 


Data of Dorn and Hahn, 1939 


For the application of heat in the preservation of foods, the death rate con- 
stant is too cumbersome, and simpler constants have been introduced Baker 
and McClung (1939) measured the time required, at a certain temperature, 
to reduce the bactena to 0 01% of them ongmal number More elastic m its 
applications is the Decimal Reduction Tune (DRT) by Katzm, Sandhoker 
and Strong (1942) ivhich is the time required to reduce the bactenal population 
to 10% of the ongmal number Accordmgly, a doubhng of D R T re- 
tec ttc popuLfo^X 1% hectog to, 4X (DJiT ) redccc rt to «0l%. 
SO that the constant of Baker and Mcaung is identical with 4 times the Decimal 

^AversTnd Johnson (1914), m their study of pastaunzation of i^, observed 
ihJm cultures of E colt and of lactic streptococci, a veiy few cells were ^e- 
that ^ j^ore resistant than the great average They 

Sru-It,. ■■..one, ^.^0, 
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Beamer and Tanner (1939a, b) gave a clearer picture by drawing the loganthnuc 
survivor cun'^es which showed a sharp break, indicating that the remaining cells 
had a much greater, but uniform resistance These experiments included, 
besides the colon-tj'phoid group, also several 3 '’easts Gage and Stoughton 
could find no eindence of spore formation, and the}’’ demonstrated that the 
grea’ter heat tolerance v as not mhentable In aU reported cases, the percentage 
of resistant cells has been less than 0 1 Whatei er the explanation, the great 
practical importance of these Yery few highlj’ resistant cells m commercial pas- 
teunza'tion of all kinds of foods is ob\T,ous Chambers and Games (p 8) had a 
similar experience when kilhng bactena by some “v a\’^ 

Very compheated is ’the ma’thematical treatment used by Ball (1923, 1928) 
m "the study of the temperatures required m the canning of vegetables This 
problem mvolves not only the heat sterilization of spores, but also the heat 
conductmty of the cans and their contents The z and F factors which play an 
important role m these equations -will be discussed later 

4 The temperature coefficient of death by moist heat The death rate constan’ts 
are either obtamed from plate counts at certam exposure ’times, from the equa- 

or they maj' be computed from the thermal death 


mitial number 


tion Kt = log 

survivors 

times In this latter method, the mitial moculum for all tubes is the same for 
any senes of experiments and the final n’umber of sumvoTs is also the same, 
namely less than 1, so that the quotient of imtial number over survivors is 
constant ’ 

If the death time is detennmed at the -temperatures Ti and To (Ts bemg 
higher), we may call the correspondmg death rate constants Ki and Kj, and the 
death ’times ti and tj Smee the order of death is loganthnuc, we have the for- 
mula 


or 


. , mitial number „ ^ 

Kih = log ■ ■ — = Kihi 


survivors 


— = il 
K.\ it 

This quotient mdicates how much more rapidly death proceeds at the higher 
temperature To This is -the temperature coefficient for the temperature m- 
crease T: — Ti For comparative purposes, it is customary to give ’the coeffi- 

’ The thermal death times axe not precise values Between the last sample that showed 
viable bactena and the first that showed none, some tune has passed During this inter- 
val, the number of survivors was reduced to less than 1 per sample In aU experiments 
the number of sunivors was identically the same at some moment between these two 
cntical times, but the exact moment is not known All death time data have a certam 
range of possible error, the magmtude of which depends upon the spacmg of the time 
intervals The number of sumvors is never zero, but becomes veiy small eg 1 m 100 
liters, 1 m 1,000 liters, etc . e , uo 
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cicnt for an mcreso of 10 C ,s designated as 0 TK r . . 

'C^ion f™m q, to Q,. ^ .„tow m the So“e“ SL 

9,. - Q." = (D? 

eo;Vj™ V le MroT^lSf r '' '■“* '»» 

bet.^0 8 00. ,0 at Z imoTsTb^'i^ "S 

TABLE 9 

— Temperature coeJJtctenU of amnfeclton by motel heal 


Ql* XS VumCNT Blti!>TE 


pH 7^ 


On W TOiUTO jriCE 




Teapciatoe iDtervjU 



ss~m c 

a)~6s c 

S5-60C 

j 60-65 C 


Eberlhella typhoea 

2S 9 

26 1 

20 2 


Bi 


Salmonella paralyphota 

37 7 

BkI 





Salmonella tcollmuellen 

42 0 

33 7 





Salmonella aertrycke 

23 7 

90 


27 7 



Salmonella cntcrihdis 


J5 3 

9 8 i 




Staphylocoeeus aureus 

23 9 

59 2 

10 1 1 





1 Qi* m sioiB 

1 OnOMOlB 

Qi> tucsm twx 


pH6J 


pH16 


TempCT»tare uitervii 


S5-MC 

eo-6sC j 

syw c 

60-65 C j 

S5-60C 

00~6SC 

Dcbaryomyces globotas 

4 0 


12 2 

B 

6 5 

— 

Monilta eandtda 

4 0 

wBm 

71 0 


63 0 


Saccharomyees clltpsaidcus 

n 6 

mm 

15 4 

Wml 

21 3 

19 6 

Torula monosa 

20 6 

mt 

7 5 

Bll 

6 4 

29 2 


Data of Beamcr and Tanner, 1939a, b 

at 50 to 80 C, they are usually higher Some more recent data for vegetative 
cells arc given m table 9 

The coefficients computed from the data by Beamcr and Tanner fluctuate 
greatly, each value being the result of only one experiment This fluctuation is 
due to the fact that the detennmation of death rates generally is subject to 
considerable experunental error, the possibility of error is greatly enlarged 
when the quotient of two such death rates is computed Most of the coefficients 
are above 10, and nhere they are lower, it is due to the survival of a few mffi- 
viduals mth much higher resistance, e g , in the case of DebaryomycesandMomha 
(Ralin 1943) The high temperature coefficient mates it practically ^rtain 
that death by heat is a coagidation (or denaturation) process, ^ such lug 
temperature coefficients are very rare except with protem coagulation 
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Temperature coefficients are not really constant The thermodynamic defini- 
tion of the temperature coefficient is 

. _ RATE at r -h 10° _ Kr+io _ £ 77 ^ 

RATE at Kr 

•where c is the base of the natural logarithms and n is the temperature charac- 
teristic of the reaction It is this value /i that is constant As T, calculated 


TABLE 10 

The temperature coefficient decreases with rising temperature while the temperature 
characleristxc p remains coTisJant 
above “normal” chemical reactions 


below denaturation of proteins 


TEMP SAUCE 

n - 12^6 

It - 19^ 

It - 24,610 

c 

betw 0- 10 

2 22 

3 49 

4 92 

10- 20 

2 10 

3 20 

4 42 

20- 30 

2 00 

3 00 

4 00 

30- 40 

1 91 

2 76 

3 66 - 

40- 50 

1 84 

2 60 

3 38 

100-110 

1 53 

1 98 

2 37 

150-160 

1 40 

1 70 

1 96 

160-170 

1 38 

1 66 

1 90 

170-180 

1 36 

1 62 

1 84 


P 49 600 

M - 64 600 

It - 99,200 

betw 50- 60 

10 0 

20 0 

100 0 

60- 70 

8 8 

17 0 

76 7 

70- SO 

7 8 

14 6 

59 6 

80- 90 

7 0 

12 4 

47 9 

90-100 

6 3 

10 9 

38 9 

100-110 

5 6 

9 6 

32 0 

110-120 

5 2 

8 6 

27 0 

120-130 

4 8 

7 7 

23 0 


as absolute temperature, mcreases, the value T (T -b 10) becomes larger, and 
therefore the e-^ponent of e becomes smaller, consequently, Qio decreases with 
mcreasmg 'temperature 

Table 10 shows how the temperature coefficient of the same reaction changes 
when the temperature vanes The upper part of -the table shows that reactions 
■with a Qio of 2, 3 and 4 at 20 to 30 C wiU have at 170-180 C the much smaller 
coefficients of 1 36, 1 62 and 1 84 In stenbzation by drj’- heat, where oxidation 
is the cause of death, a “normal” temperature coefficient of about 3 can be ex- 
pected, but this value 3 refers to room temperature, and an mcrease from 170 
to ISO C ivill mcrease the rate of death only 1 6 times 
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P™^“ reactions such as coaguJation 

coefficient of 100 at 50 C corresponds to a Qk, of 23 at 120 C The fact that 
c ho of spore stcnhzation in canning averages about 9, while that of nulk 
pastounzation is about 20, does not prove that we are deahng with different 
reactions The same reaction with a Q,o of 20 near 60 C has at 120 C a 
Qio of 8 

So long as temperature effects are studied within the narrow limits of life, 
1 c , betw een 10 and 60 C, the assumption of a constant Qio does not introduce a 
great error, but when the range becomes as wide as m the study of death by 
heat, the assumption of a constant temperature coefficient may be very mis- 
leading 

Two different methods of pasteunzation of milk are permitted by the New 
York State Department of Health, namely the holdmg process which consists 
of holding the milk for 30 mmutes at 143 F, and the short-time, high tempera- 
ture process, usually called the flash heat process, which requires holding for 
16 seconds at 160 F The temperatures are 9 44 C apart (71 11-61 67) and the 
heating time of the one process la 120 tunes that of the other This means, 
that the nutlionties assumed a Qm (which is practically Qio) of 120, a very 
lugh temperature coefficient for this range 
It is obvious that the temperature coefficients of death cannot be extrapolated 
into the region of growth If a bactenum can multiply, though very poorly, 
at 40 C, but dies at 60 C, the temperature coefficient will equal the death rate 
at 50 C divided by zero which means Qio = “ A sharp drop from mfiiuty to 
tlic actual temperature coefficient of inactivation of the life processes must be 
expected, and very high coefficients must be expected at the lowest lethal tem- 
peratures This accounts for the high coefficients found for Eschenchta colt 
near 60 C smcc its maximum temperature of growth is 47 C Watkins (1933) 
computed the increase of death rate between 60 and 55 C to correspond to a 
Q,o of 560 Baker and McCiung (1939) found for the same bactenum m three 

experiments 

between 51 7 and 54 5 
between 64 J and 673 C 

Average between 51 7 and 573 C 

Henderson Smith (1923) computed from ins experiments with the spores of 
Bolrylts cincrca the following temperature coefficients 

between 31 and 37 C Q.. » 

bote con 37 and 44 3 C 
between 44 3 and 47 0 C 
betn een 47 0 and 60 3 C 

Th» 1.1. 0 . to detk of S: 


» 290 0 

316 0 

16 6 

22 7 

21 6 

408 0 

86 7 

70 8 

89 2 
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while many of the experiments with vegetative cells were made withm 10 or 
15 C of the TTin.yiTTnim for growth 

5 Factors controlling death hy heat Sensitivity to heat varies with the spe- 
cies Pasteurization of milk by holdmg at 63 C for 30 mmutes destroys all 
pathogemc bacteria except the spores, and ki l ls many species of saprophytes, 
but not all With some species such as lactobacilh, the death rate is low, and 
sometimes, thermophihc bactena multiply durmg pasteurization The spores 
of many species can survive a short period of bodmg, but the spores of Methano- 
hactenum omehanskii are killed at 80 C m 10 mmutes (Barker 1940) The 
cause of the great resistance of bacterial spores will be discussed at the end of 
this chapter 

The medium m which bactena are suspended can influence the death rate 
The best-known example is the effect of the acidity of the medium Bactena 
die more rapidly m acid or alkahne media than m neutral suspensions This sug- 
gests, of course, the assumption of chemical dismfection rather than physical 
coagulation, but two facts speak against this In chemical dismfection, the 
temperature coefficients should be relatively low while table 9 shows that they 
are, on the average, higher m acid than m neutral media Further, yeast 
which grows better m acid media is killed by heat more easily m acid than m 
neutral media (Beamer and Tanner, 1939b) 

Extensive experiments on the effect of pH on the heat resistance of spores 
have been earned out by Weiss (1921), Esty and Meyer (1922) and others 
The study by Townsend, Esty and Baselt (1938) may serve as a more recent 
example These authors did not use death rates or temperature coefficients, 
but the factors F and z which Ball had mtroduced m 1923 for the computation 
of processmg times m the cannmg mdustry As these two values are frequently 
used m the cannmg mdustry which furnishes the largest amount of data for 
death by heat, the meanmg of these factors will be discussed here 

The value F is the thermal death tune of the species at 121 C or 250 F The number z 
IS the temperature mcrease, m degrees Fahrenheit, necessary to reduce the death time to 
one-tenth "We mtroduce the temperature coefficient for 1 C, Qi, which can be transformed 
mto Qio by the simple relation Qio = A few pages earher, it has been shown that 

the ratio of the death rates at temperatures Ti and Tj can be measured by the corresponding 
death tunes, viz , 

Ki Cj 

This ratio is the temperature coefficient for n° = Tz — Ti degrees, hence 

Qn^Qz 

The defimtion of z specifies that with an increase of z°F, or 0 655z°C, the death tune 

<• IS one-tenth of f. Therefore, n = 0 555z, and - = 10 

U 

-tills. h 

Qi ^Qi = 7 = 10 
la 

0 555z log Qt = log 10 = 1 
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Wc have BCCin that Qn 


Q°, therefore 
log Qa ** 10 log Qi 


10 ^ 18 
' 0 655z ” z 


18 

Z •* 

tog Old 

The \ aluc of z or Qu indicates the slope of the straight hue obtained by plotbng the loga 
nthms of death times against temperature The value F gives one 

thus, F and e (or its corresponding Q,.) are sufficient to charaetenze the thermal resistance 
of the spores of a species at any temperature 

The authors studied m detail the heat resistance of the spoi^ of two strains 
of Closlndtrm holuhmim, and of a bacillus isolated from spoiled earned 
iiflmanged remits are given in table 

converted into Qio With the bacdlus spores, the value F, the death tune 


TABLE 11 

The heat rcshtancc of the spores of three baelerra, exyrezj edhyAe^ 
— - " j "1 Mil 1 c. wmantra ISIA c.s 


F and Qii 


WCDtrX of 

SDWESSXOK 


Phosphate bulTcr 

Asparagus 

Peas 

Spinach 

Milk 


Average 


tMiraratni 313B 



r SSI - - 

^:'iiSssss= 

In concentnt^ so ^5,934) egg m molar solutions 
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of glucose and sucrose, and 73 nunutes and more than 24 hours, respectively, 
m twice molar solutions Rennet enzjnne dissolved m water was completely 
mactivated at 70 C m 15 min utes, but molar CaClj protected it for 45 nunutes, 
and m 4 molar sucrose it lost onlj’ half of its strength m 5 hours K von Angerer 
and Kuster (1939) confirmed the assumption that bactena become partly de- 
h5’’drated by comparing the turbidities of bacterial suspensions m water and m 
concentrated solutions 

The time of contact is of importance Fay obtamed only 2 5% survivors of 
Escherichia coli upon heatmg immediately after suspendmg the cells m 50% su- 
crose, whereas the same heatmg left 79% of the cells unharmed if they had been 
m the sugar solution for 2 hours before heatmg 

TABLE 12 

The harmful effect of high (cmperalure on liquids containing reducing sugars (iii 

half-molar concentration) 

Survivors of JC coh after being heated for S minutes at 54 C in variously treated sugar 
solutions at pH 7 0 


CONtXKTlATION 

SUGAR 

PEtCEKTACE StJRVnORS IK UEDIUU PREVIOUSLY STT3UU2ED BY 

AuloclaNTii^ 

I Filtration 

1 In buffer j 

In broth 

In buffer 

In broth 

% 

0 

(control) 

1 

B 

7 2 

1 9 

3 9 

9 

1 

1 glucose ^ 


2 7 

5 3 

7 9 

9 

galactose 


1 8 

4 3 

8 0 

17 3 

lactose 

0 09 

1 6 

IS 0 

11 8 

17 3 

maltose 

0 

1 ^ ^ 

5 0 

7 3 

17 3 

sucrose 

9 2 

15 0 

12 0 

10 0 

9 1 

mamutol 

4 5 

10 8 

5 6 

8 9 

4 1 

gb cerol 

3 2 

9 4 

3 7 

6 4 


Data of Baumgartner, 1938 


Some inconsistencies m the results by various mvestigators are explamedby 
Baumgartner (1938) as bemg caused by harmful decomposition products ongi- 
natmg from reduemg sugars dunng autoclavmg This is prevented by aseptic 
filtration Table 12 shows that the percentages of survivors m the last three 
solutions, representmg non-reduemg compounds, are nearly the same m auto- 
claied and filtered media while the four media cont ainin g reduemg sugars 
hat e become qmte toxic by autoclainng 

The theorj’- of deh}dratioti of the protoplasm is too simple to fit the facts 
Protection is not proportional to molanty (table 12), disacchandes protect more 
than monosacchandes but maltose seems to be an exception Von Angerer and 
Kuster (1939) measured the death rates of Escherichia coh and Staphylococcus sp 
at 56 C m concentrated solutions of various carbohydrates and other easily 
soluble substances It was found that starch, gum arabic, urea, pyruvate. 
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The Ummal I^istancc of Spores is not limited to heat It is very conspicuous 
v ith dismfcctants, but does not extend to irradiation (see p 13) iS been 
tlm cause of tnany mi^gations because bacterial spores are the most resistant 
orpmsms The spores of molds, although more hardy than the my- 

celium, are killed readily by boding, and the spores of yeasts are only shghtly 
more resistant than the vegetative cells 

The oldest explanation, the assumption of a practically impermeable spore 
wall, can hardly bo applied m the case of heat A wall of only 0 1 ;i thick- 
ness could not possibly insulate the cell contents against bgh temperature for 
several hours Nor could such extreme lack of heat conduction protect spores 
c g , for 440 mmutes at 100 C, but for only 5 mmutes at 120 C Absence of 
moisture has been another explanation Accordmg to early mvestigations, the 
specific gravity of spores seemed to be about 05 to 1 4 which mdicated alow 
moisture content Smeo dry proteins are not coagulated by heat, this explana- 
tion scorned plausible However, newer measurements mdicate that spores 
contain nearly as much moisture ns vegetative cells (Firtanen and Pulkki, 
1933, Henry and Fnedman, 1937) K von Angerer and Kuster (1939) could ex- 
tract water from spores by suspendmg them m concentrated sugar solutions 
Virtanon and PuIUa assumed that the enzymes of the spores were m an inactive 
form, and tberoforo resistant Fnedman and Henry (1938) explamed this re- 
sistance ns duo to tlie huge amount of bound water in the spores From measure- 
ments of the freezmg pomts of spore suspensions m water and in sucrose solution, 
tlio bound water for three different species of bacilh could be calculated to 69, 
03 and 69% of the weight of moist spores whereas the corresponding figures 
for vegetative cells were 0, 18 and 28% The calculabons are based on tempera- 
ture differences of a few hundredths of one degree, and probably have a huge 
cxpcnmental error 

0 B Wilhams (1929) approached the problem from a different angle He 
showed that the ash content of spores is low, and as proteins do not coagulate 
readily in the absence of electrolytes, the low electroljde content of the spores 
may bo responsible for their heat resistance 
A different viewpomt was mvestigated by Eosel von Angerer (1939) who con- 
sidered the fairly high fat content of qJores as a possible means of protection 
Lone extraction with fat solvents decreased heat resistance while impregnation 
mtirparaffin (dissolved m carbon tetrachloride) doubM it Pr^ce or ab- 
sence of oxygen did not affect the death time She could not verify the theory 
of SobcrnhlL and Miindel (1938) that spores adsorbed materials 

1“ ^ 1 much msictot Of ah the teaW, only gmau- 

tornTd— SI of ““ 
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enzjTnes, cj^ochronie oxidase is inactivated at 53 C, trypsm at 66 C, urease 
between 70 and 80 C, while nbonuclease and taka-diastase can tolerate a short 
penod of bodmg It seems possible that dunng sporulation, the protoplasm of 
the cell IS so altered that it is not easd 3 " denatured, durmg spore germination, 
this process would be reversed It is unagmable that this change is somehow 
connected with changes in bound water 

TABLE 13 


Rdaiivc resistances of bacterial and mold spores, and of eiruscs, referred to the resistance 

of E colt as unity 


STEBILIZE^C ACZSr 

1 ZSCBZRICBIA COtX 

BACTTBTAI^ SPOtTS 

VOID SPOKXS 

1 \'tRUSES AJJD 

1 BACnJUOPHACE 

Phenol 

1 

100,000,000* 

1- 2' 


Formaldehy de 

1 

250’> 



Dry heat 

1 

1,000' 



iMoist heat 

1 

3,000,000-5 


1- 5^ 

Ultraviolet 

1 

2-5' 

S-lOO* 

5-10' 


» Chick (190S) gives death rate L = 0 0466 for anthrax spores vrith 5% phenol, and k = 
0 212 for paratj'phoid bactena with 0 6% phenol Assuming concentration exponent 
/ 5 \« 0 212 

n = 6, the ratio IS j ^ = 10» 1 

Formaldehyde, 5%, kills anthrax spores in 32 hours nhilc E coh is killed by 2% in 20 
nunutes (Chick, 1908) Assuming concentration exponent n = 1, the ratio is 250 1 

' Xo records could be found on death rates of dried E coh and of dry bacterial spores at 
the same temperature If we assume that dry spores at 160° die at about the same rate as 
dry 27 colt at 60°, the death rate of E coh at 160° (100° increase, Qio averagmg 2) would be 
2'“ ^000 times as high as that of spores 

Xo records could be found on death rates of E coh and of bacterial spores in water at 
the same temperature If we assume that moist spores at 120° die about as rapidly as E 
coh at 60°, the death rate of E coh at 120° would be obtained by multiplyung the rate at 
60° with the average temperature coefficient raised to the 6th power From Table 10, the 
average Qio, with p = 64,000, is about 12 Tbe death rate of E coh is therefore about 
12' ^ 3,000,000 times as great as that of spores 
• Sec p 13 

' Woodward cl al , 1934 
' Own experience 
*' From data in McCulloch, p 353 
' From data in McCulloch, p 373 
‘ See p 19 

From data in McCulloch, p llS-119 

Table 13 shows how many times more resistant bacterial spores, mold spores, 
viruses and bactenophages are than E coh A comparison of this kmd can 
git e only the order of magnitude, because the spores of different bactena are 
not equally resistant, the spores of different molds differ widely m resistance to 
traxnolet, and the phages and viruses do not react identically either But the 
gTMt contost between bactenal spores and all the other forms is quite striking, 
nn e a sence of this contrast xvith ultraviolet and the differences withm each 
group are suggestix e of the different lethal reactions causmg death 
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Expcnmentation with the resistance of spores is comphcated by a great lana- 
bihty of this property due to environmental conditions A summary of the 
literature is given by Theophdus and Hammer (1938) Bacterial spores will 
occasionally retnam dormant for a long tune before germinatmg This accounts 
for the difficulty encountered m the stenhzation of food by mtennittent heatmg 
on successiv e days An extensive study has been made by Momson and Rett- 
gcr (1930) Accordmg to Evans and Curran (1943) mcubation of spores at 
sublelhal temperatures, e g , 65 C, accelerates the rate of their germination 

VI SURFACE TE^SION DEPBESSIO^ 

1 Effects of surface tension depression Alany compounds which lower the 
surface tension of water are good disinfectants Best known among these are 


TABLE 14 


cove. 


% 

1 

25 

1 

00 

0 

025 

0 

0625 

0 

25 

0 

025 

0 

025 

1 


0 

02 


ttruACE lEsaios ts erra 


In iT»ter 


41 5 
37 5 

37 6 

38 6 
49 0 

70 0 
SI 0 

71 5 
59 5 


DnruiE test 


42 0 
37 5 
37 5 
3S 6 
49 0 
68 5 
51 5 
65 0 
53 5 


Phenol 
0 Crosol 

Ilcxyl resorcinol 
Tliymol 
Chlorotlijinol 
Mercuric chlondo 
Mcrtliiolflle 
Mcrcurochromc 

Iodine 

Data of Gcrshenfcld and Witlin, 1941 

salts, and many of the ^ of death, the 

If ’tl,a dcomasc m snrtace ^pidloss of the cham.a.1 

baotona should dto whan a „s;^^Eupp and Joto- 

sttooiurc of the eompoimd use iffetenl surface tensiora tthea Ma- 

,00(1923) found BtreptocMCiii^^t Frobtahet (1926). Slap%'»»y> 

o„l dcpresmuls nom ^ ttnaion of 44 dynes per cm uhoi 

nuTcus IS completely mhibited ^ ..itinhes readdy at as lovr a tension as 

produced by ^ ^eate Gershenfeld and Withn (^) 

34 dynes when produced b}’’ Staphylococcus aureus between 
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not be parallel to tbe tension betw een medium and air The mterfacial tension 
between cell and medium cannot be measured DaAus (1927) measured the drop 
size of oleic acid m chloride solutions, and compared this wuth the concentration 
of different chlondes necessary' to inhibit bacterial growth He beheved that 
the toxic effects of the cations can be explamed b}’ mterfacial tension “if bac- 
tena are looked upon as analogous to oil drops ” This analog}’’ has not been 
generally accepted, and the data presented to support this Anew shoAA consider- 
able exceptions to the rule 

It must be concluded from these and many other e'xpenmental results that 
death is not caused by change m surface tension, but by some chemical reaction 
of the surface tension depressant upon some Antal cell constituent HoweA’’er, 
the subject cannot be dismissed entirety as chemical disinfection because of dif- 
ferences m the mode of action, and of mteraction The difference arises pri- 
marily from the concentration of surface-active substances at the surface and 
mterfaces They act upon the cell not accordmg to the concentration m the 
hquid, but accordmg to the much higher concentration at the cell surface 
This explains perhaps the fact that so man}’’ surface-actme substances are good 
disinfectants and antiseptics 

8 Wetting agents The soaps which haie been almost the only efficient 
detergents for more than a thousand years are gradually bemg replaced by 
s}Tithetic detergents which decrease the surface tension greatly, but are effi- 
cient m acid as well as m alkahne media, and are not precipitated by hard a\ ater 
These modem “wettmg agents” can be diAuded mto amomc, catiomc, and un- 
dissociated detergents The composition and ongm of a number of these sub- 
stances is given by Baker et al (1941a, b) In the catiomc detergents, the 
organophihc (or hydrophobic) group is positively charged, as m Emulsol 660 B = 
(laur}d p}'ndmium)’^ (chlonde)~, and m the amomc detergents, this group is 
negative as m (Na)+ (lauryl sulfate)~ The only neutral, non-iomzed detergent 
mentioned is Demal, representing an orgamc ester 

Domagk (1935) called attention to the antiseptic properties of this new group 
of chemical products Accordmg to Baker el al , (1941b) the catiomc deter- 
gents, as a group, are qmte efficient disinfectants, capable of killin g gram-posi- 
tne and gram-negatme bactena m 10 mmutes at a concentration of 0 015% 
(1 6000), or ei’en 0 003% A few preparations were less efficient The amomc 
detergents did not kill these bactena CA'en after 90 mmutes m concentration of 
01% No data on surface tension are given 

Catiomc and amomc detergents neutrahze and precipitate each other The 
action of Zephiran is inhibited by decyl sulfate or sodium taurocholate (Baker 
cl al , 1941c) or by Aerosol O T (Gershenfeld and Perlstem, 1943) Different 
from this lomc reaction is the protection of bactena against detergents by 
phosphohpids, lecithm and related compounds, if they are added either before 
or sunultaneously Avith the detergent (Baker et al , 1941c) Addition after the 
etergent had no effect Compounds A\hich did not reduce surface tension 
did not counteract the bactencidal effect On the other hand, phosphohpids 
1 not decrease the germicidal effect of seA'’eral mercui}’’ compounds Thus, 
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detergents and its decrease by other substances is 
teract^ ra/” ^ tensioa effect The neutral compound Demal coun- 
femc ^ caliomc as nell as aniomc detergents, it also counteracted gramicidin 

miS luir ^ f J ^ genmcida] dS^nt is 

mixed u til a ueak one of the same charge, the total efficiency is smalljthan 

that of the stronger gemucide, because the weaker one has occupied many 
placas on the bactenal surface, and the surface concentration of the strong 
disinfectant is decreased This is an mdirect proof for the claim that surface 
tension as such is not the deciding lethal factor The same authors (1944) also 
shou that bactcna "killed" by a cationic detergent may be revived by addition 
of a liigh molecular anion if this is apphed withm a certam time of peihaps 10 to 
30 minutes Thej consider the reversible death as due to ion mcchange m the 
cell, similar to tlie dcatli by mercury salts, i e , a chemical phenomenon 
The germicidal efficiency of these detergents depends largely upon the pH 
of the medium in v hich thej act The aniomc detergents resemble benzoic or 
saIiC 3 he acid m their rapid mcrease of efficiency with acidification of the me- 
dium (Halm and Conn, 1944) The analogy permits the conclusion that only 
the iindissociatcd acid molecules of these compounds have bactencidal properties 
Gcrshcnfcid and h'lilanick (1941) found the follouang concentrations, m ppm, 
necessary to kill Staphylococcus aureus m 5 mmutes 



Al pH 


•1 

5 

6 

7 

8 

9 

Aerosol OT 

Tergitol 4 A 4 T 

Triton K 12 

29 

140 

>10,000 

33 j 
' 250 

10,000 

250 

1 500 

3,300 

>10,000 

>10,000 

1,250 

>10,000 

>10,000 

110 

>10,000 
' >10,000 
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The last compound is a cationic detergent, and m this case, the base m its 
undissociatcd state is probably the effective agent 

3 Combination of dmnfcclanls With surface tension depressants When surface- 

active substances are added to a disinfectant solution, they may decrease its 
Rcnnicidal efficiency Hampd (1928) obtained such marked inhibition of the 
bactencidal action of vanous phenols by the addition of soap as to mdicate the 
impossibility of producing a gennicidal soap by mcoiporating small 
of a phenobe compound As an example may be given the ^ncentotion of 
butyl resorcinol required to kiU Staphyloeoccus aureus between 1 and 2 minutes 
at different soap concentrations 

Q 02 05 to 30 SO 

%Nftolcat<5 . 0 1 0 2 0 5 0 5 

% dismfcctnnt required vo 

I. 1 tn be true With mixtures of mercury compounds and 

the IB very much diluted (Frobisher. 1927, Eettger el al 1929, 
soap, unless the soap ^ jgggj ^hg general explanation is that so 

Sfi: . ^ 

MCU to «U .. miJr » without B0.P 
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It IS frequently stated m literature that a decreased surface tension of the 
medium must mcrease the efficiency of any antiseptic because the rate of diffu- 
sion throng the cell membrane is mcreased For example, Frobisher (1944) 
pomts out that aqueous lodme solutions do not spread easil}'’ on the skm while 
an alcohohc solution has a much greater wettmg pou er This leads him to the 
conclusion m the next paragraph that solutions of disinfectants m dilute alco- 
hol or m similar solvents which have low surface tensions, are much more likely 
to be effective than when dissolved m water However, Gershenfeld and IMdler’s 
data (1932) prove this to be a poor example because with lodme, the difference 


TABLE 15 

Concentrations, tn per cent, required to Itll Staphylococcus aureus in 10, but not 

in B minutes 



pH 

7 

6 

s 

4 

Aerosol coDCcotration when added 

0 02 

OOOS 

0 0017 

0 0011 

Phenol 

1 1 25 

1 17 

■H 

1-1 05 

same -h aerosol 

j 0 56 

0 42 -0 50 

W^m 

0.26 

hleronnc chlonde 

0 0067 

0 004-0 005 

0 004-0 005 

0 0025-0 00275 

same -h aerosol | 

0 005-0 0067 

0 0033-0 004 

0 00275 

0 0020-0 0022 

Merthiolate 

0 014 

0 014-0 02 

0 0056-0 0067 

0 0033 

same aerosol 

0 002S-0 0033 

0 0033 

0 0028 

0 0020-0 0022 

Hevsl resorcinol 

0 033 

0 025 -0 033 

0 013-0 02 

0 0067-0 0084 

same -f aerosol 

0 004-0 005 

0 004 

0 0033-0 004 

0 0025-0 00275 

Zonite 


0 125 -0 167 

0 167 

0 25 -0 33 

same -f- aerosol 


0 125 

0 125 -0 167 

0 20 

Zephiron 

0 00125-0 00142 

0 005 

>0 2 

>0 2 

same -h aerosol 

>0 2 

>0 2 

>0 2 

>0 2 


Data of Gershenfeld and Perlstein, 1941 


between aqueous and alcohohc solutions is shght, and m favor of the aqueous 
solution Frobisher’s generahzation is erroneous The surface of wood or 
skm which contams airspaces, is not comparable with the spaces between 
molecules of a cell membrane which are already completely surrounded by water 
molecules 

Howei er, while not a general phenomenon, the efficiency of some disinfectants 
"^ specified concentrations may be mcreased by surface tension depressants 
The mcrease may be quite noticeable Gershenfeld and 'W'lthn (1941) could 
find no change m the efficiency of dismfectants bj' the addition of detergents, 
but m the same i olume, a httle later, Gershenfeld and Perlstem did report such 
an effect (table 15) It is worth notmg that at pH 7, Aerosol m concentration 
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Fio 0 Tne Effect of Soap ov toe Gekmctdal Poweb op Cbesol Logahitoms 
OF Deatu Tisies Peotted AOAIN8T Logabithms OF Cresol Covcextbatios 
(Data of Tileet, 1939) 


constdcrablj All compounds tested decreased surface tension The assump- 
tion also agrees mtfa the extensive experiments of Schaffer and Tilley (1930) 
xNitli mixtures of soap and phenolic compounds The addition of 1 part of soap 
to 2 of phenol increased the germicidal efficiency conaderably Figure 6 from 
Tilley’s later experiments (1939) shows that this mcrease is limited to a narrow 
range of concentration In this connection, the following statement of Gershen- 
fcld and Withn (1941) is of mterest “The addition of tweli e wettmg agents to 
aqueous solutions of mercunc chlonde and arsemc tnoxide did not increase the 
penetration of the morgamc compounds when apphed to the unbroken skm of 
rabbits ” Mercurj' and arsemc compounds do not affect surface tension greatly 
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4 Bile solubihiy Another phenomenon usually ascnbed to si^ace tension 
depression is the bile solubihtj’’ of certain bacteria, notably pneumococci Hober 
and Hober (1942) treat this solubdity m a general way, although they are dis- 
cussmg primarily blood cells They describe the action of bile salts and deter- 
gents as follows 

"Their molecules are composed of two portions, one polar hydrophihc, 
which has a tendency to anchor the molecule to water, and one nonpolar 
hydrophobic nhich is attracted towards the nonaqueous phase The result 
IS a molecular orientation at the interface An increase of hydrophihc 
afifimty will lead to a stronger pull on the nonaqueous phase tonard the water 
and may ha\e a dismtegratmg or a dispersmg effect Stronger organophilic 
properties on the other hand wdl favor a vettmg action, mz , the fixation of a 
film of water on the nonaqueous phase or its separate components Regard- 
mg especially the mterface between a cell and its surroundmgs, hydration, 
swelhng and dissolution can be due to the vettmg action on the colloidal 
structures or the micellae Protem molecules are unfolded or disrupted by 
the puU, and thus denatured In conjugated protems, the bonds between 
the protem part and the prosthetic group are severed, viruses and en 2 ymes 
are mactivated, and the final result of such effects on cells is cytolysis ” 

This phenomenon of complete dissolution by such compounds as bile and bde 
salts IS not caused by the decreased surface tension as such, for other depressants 
like the alcohols, phenols and sapomn do not dissolve bacteria Of special 
mterest m this differentiation between dissolvmg and non-dissolvmg agents is 
the report by Falk and Yang (1926) that sodium oleate dissolves washed pneu- 
mococci when re-suspended m distilled water, but not when re-suspended m 
0 85% NaCl solution Leonard and Ferrer (1927) reported that Endamoeba 
coll, lodamoeba vnlhainsi, Leptospira icterohaemorrhagiae, Trypanosoma levnsi, 
and Trichomonas hominis are instantly destroyed and disappear completely on 
contact with hexyl resorcmol solutions while bacteria do not The reviewer has 
absented that catiomc detergents did not dissolve pneumococci at pH 9 8 where 
they were most eflicient as germicides While germicidal power depends pn- 
manly on the concentration of the undissociated base, dissohung power depends 
upon other properties 

Our knowledge of the mteraction between surface tension depressants and 
bacteria is not at aU perfect or complete The stenhzmg properties of the 
compounds of this group are certainly not due to the decreased mterfacial ten- 
sion as such Howeier, the mtensity of the chemical reaction of these com- 
pounds is influenced bj their effect upon mterfacial tension, and they may, by 
this effect, mcrease or decrease the genmcidal power of other disinfectants 
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Seven years ago the subject of growth factors was reviewed by Koser and 
Saunders (167) for this pubhcation Smce that tune, great progress has been 
made m the field At that time only seven compoimds could be listed as acces- 
sory growth substances for bactena Today the hst of compounds has expanded 
to about twenty Five of the additions are also new animal vitamins, but eight 
have not j'et found a place m animal nutntion The mergmg of the fields of 
a nim al and microbiological nutntion is well illustrated by the fact that three of 
these vntamms (biotm, pantothemc acid, and para-ammobenzoic acid) were dis- 
covered through microbiologj’-, while the other two (pyndoxme and chohne) 
appeared first m the field of animal nutntion It is probably safe to predict 
that sev eral of the compounds now known to be required by bactena wdl some 
daj become members of the ntamin family A mutual exchange of ideas is 
bound to promote progress m both fields, and the benefits that accrue from such 
an excliange mdicate the artificial nature of the boundanes that divide research 
vork on cellular nutntion 

In contrast to the prevnous reviev, , this paper wdl be limited to growth factors 
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t W literature covered is that which appeared through I 944 

been made to renew papers pubhshed during the present year The devdon 
mcnts in the field of bacteria alone have been so ertensive during the last i 

*' ^ ^ adequately m a renew of reasonable 

Jragth Growth factors as used m this paper are defined as organic compounds 
that must be present m the medium in only mmute quanfaties to promote the 
del elopment of bactena The purpose of this limitation is of course to avclude 
the mineral elements and well-defined orgamc compounds such as Bm^n n acids 
In most cases the limitation “minute amounts” is a sufficiently sharp cntenon, 
but at times it becomes a narrow and almost vanishmg boundary For example 
LacJohacillus casci requires only about twelve tunes as much t^tophane (352) 
as mcotimc acid (ISS) The mcotmic acid requirement, on the other hand, is a 
thousand fold that for biotin The exclusion of the ammo acids from the review 
logicallj required the omission of glutamme and asparagine m ^ite of the promi- 
nent place these two compounds occupy m growth-factor worh Whether this 
prominence rests on somethmg other than ammo-acid characteristics does not 
seem clear at the present time 

Substances that are not required preformed in the medium but if added 
increase the rate of grondb are mcluded m this renew, as well as those that are 
required for the mitiation and mamtenance of growth There are several reasons 
for not excluding the stimulatoiy substances A compound that is indispensable 
in one medium may be unnecessary or only stimulatorj' in another (396, 449) 
Again, the imcroSrganism that at first required the compound m the medium 
maj be trained to grow without its addition (169, 361) It is probable that m 
such cases the microSrgamsm has become able to synthesize as much of the 
compound as it needs for its metabolism The success that has been attamed 
m the adaptation of bactena to dispense with vanous ammo acids shows the 
remarkable latent powers of bactena and suggests the possibility that sumlar 
success may be reached m training bactena to dispense with growth substances 

RESPONSE OF BACTERIA TO GROWTH SUBSTANCES 

Table 1 lists vanous compounds and unknown factors that have been report^ 
to uromote the growth of one or more species of bactena Numbers m the 
blocks refer to papers reportmg a favorable effect Where *ere is no ratiy, 
no report on the use of the compound has been found f ® 

been tned and found to have no effect this result is in fficated by the 
rlffitement regardmg the manner m which this table has been compiled may be 

helpful to the reader thnt are required in the medium 

No tosmehoa b ma* ^ „£tea mposobfe 

a„a those that are merel} stmulotoiy “ S^„rA»<Iereeo aad Werkaam 
te istmeoBh bet™ fcm “T* ba^a re,aa«i nbr. 

(447, 449) .hotted that “^“^j'jXalatamo.cd alburn TheJ 

r draS 

to dispense with nbofiavin and thiamine 
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Like-wise, no attempt is made to distmgmsh between different strains of the 
gnmfi species with respect to their requirements Some strains require a certain 
compound m a given medium and other strains do not Difference of strains 
IS one explanation for the seeming contradiction of an organism bemg hsted as 
both reqmrmg and synthesizmg a growth factor 

Growth factors that have not been isolated are hsted m the last column under 
the headmg of unknown factors, if the reported factor appears to be distmct 
from the known compounds hsted m the other columns In case of papers 
published several years ago, it is difficult to decide whether or not a new factor 
was mvolved, as some of the compounds now known to promote the growth of 
bactena were unkn own or unavailable at the tune In connection with unknown 
factors the terms, Bios I, HA, HB, etc are not used m this renew as they have 
httle meanmg at the present time In the field of the vitanuns, the letters Bi, 
B;, Be, etc are bemg dropped and the correspondmg chemical terms thiamine, 
nboflavm, pyndoxme (pyndoxal, pyndoxamme), etc are bemg substituted 
Numbers or letters serve as smtable and temporary means of designation and 
also have the advantage that they can be readily abandoned when the pure 
compound has been isolated, identified, and properly named On the other 
hand, to give chemical names to substances that have not been obtamed m 
pure form appears also to be undesirable and unsound Such terms are hkely 
to be mappropnate and to carry a meanmg which they do not legitimately 
possess Their mtroduction is also unfair to other mvestigators m the same 
field who seek to avoid cluttermg the hterature with premature and mappropnate 
chemical nomenclature 

The bactena as named by the authors cited are hsted m alphabetical order 
This procedure results m the hstmg of organisms that are regarded by some 
authonties as identical under two different names Smce there is disagreement 
among mvestigators as to the proper name to be apphed, and smce m some cases 
the nam e m general use is not that of systematic taxonomy, it would make the 
review confusmg and less useful to list the bactena under names other than 
those m current use 

Conduswns drawn from table 1 

Approximatelj’' 130 bactena have been found to need one or more of the 
compounds listed m the table Organisms that are known to require the largest 
number of compounds are Clostridium tetani, Ziactobacillus arabinosus, Lacto- 
bacillus easel, pneumococci, Streptobactenum plantarum, hemolytic streptococci 
and Streptococcus laclts with reqmrements of from 7 to 10 each It is not im- 
phed, of course, that other bactena do not utihze just as many growth factors 
as do the microorga ni s ms listed Probably all of these compounds are mvolved 
in bactenal metabohsm, but when an organism is able to synthesize unsupphed 
factors their presence in the medium is not required This aspect of bactenal 
nutrition will be dealt with m a later section 

Onlj a small proportion of the total number of heterotrophic bactena have 
had their complete requirements for growth substances worked out There is 
great need for sj stematic work to fiU m the gaps m our knowledge, but with the 
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Livor factor, 
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Unnamed, 127 
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Eluftto factor, 
124, 378, 379, 
unnamed, 

399, 400, fohe 
acid 2C0, 262, 
vitamin Bo, 

31, 309, L 
caset factor, 
126, misc , 64, 
04, 70, 86, 92, 
392 

Eluato factor, 
124, folic 
acid, 394 
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394, 399, 
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acids 20, 402 

Thymine, 394 
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Acoorclinp: to Nivon and nBsociatcs (110, 285, 280), this orRanism should bo cluBsifiod as Streptococcus faecalis 
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accelerating rate of progress that is now being attained, another fire years should 
close most of the ga^ for the commonlv used bactena Ev^ SougHet ow 

hat compounds inU promote gron'th for an mdefimte number of transfers it 

dlsco^ered the requirements for optun^ 
^oiUh and metabolism Comparison of the defined medium with the best 
natural medium often shons that the former gives a slower rate of cell prolifer- 
ation and formation of products than the latter When eqm^alence has been 
reached, ne may attempt to improve on nature Today we are undoubtedly 
short of equivalence in most cases 

The compounds most frequently reported as promotmg the growth of bactena 
are biotin, mcotimc acid, pantothemc acid, and nboflavm, each bemg required 
by about 60 orgamsms, thiamme 40, pyndovme (pyndoxal, pyndosamme) 25, 
p-aminobenzoic acid 16, about 16 each for several punnes and pynmidmes, and 
6 or less for more than a dozen other compounds Some compounds, such as 
ascorbic acid and thioglycohc acid have been reported (9, 12, 49, 104a, 150, 
216, 340, 458) as favoring the growth of certam bactena, but it is probable that 
they do so by regulatmg the oxidation-reduction condition of the medium rather 
than as true growth substances Because of this doubt regardmg the function 
of these compounds, they have not been hated m the table 

Many of the abo% e compounds are well-known vitamins for animals, but there 
are many compounds havmg potency for bactena that have not yet found a 
place m the animal field The opposite is of course also true, most of the fst- 
solublc ntamins are not known to have any potency for bactena A pair of 
compounds of great potency m the growth of higher plants is conspicuously 
absent from the lists of both animal and microbiological ntamms, viz , auxins a 
and b Their occurrence m plant and animal tissues, eg, seeds and hver, 
strongly suggests that they play an important role m the metabolism of such 
colls It IS not improbable that some day they will be found to serve as growth 
factors for bactena 


Unidentified factors 

The number of bactena hated m table 1 as requmng unknown growth factors 
3 S about thirty It seems unlikely that there is anj such number of unknown 
factors The requirements of these bactena can probably be met m most c^ 
by known compounds that were either not available or were not reco^zed as 
growth factors at the tune the papers were published In other cases, faflure o 
grow may have been due to inadequate supphes of ammo acids ^d 
elements or to unsatisfactory buffer and oxidation-reduction conitioj^ rather 
than to growth factor deficiencies There remam, however, “ 

which the existence of an umdentified factor seems well-established, and otto 
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although not crj^stalhne, Tvas ver3' potent 0 047 per ml of medium insured good 
groudh of Clostndium sporogenes The preparation was acidic m nature, verj’- 
stable to heat and acids, and had an apparent molecular weight of about 200 
In many respects, the data mdicate a strong resemblance to biotm, but m other 
respects they show a marked unhkeness, notably m the absence of mtrogen and 
sulfur from the preparation Further mdication that biotm is probably mvoh ed 
in the action of the sporogenes vitamin comes from the reports of Peterson, 
McDamel and hlcCoy (309a) and Lampen and Peterson (183) that certam 
strains of G sporogenes require only biotm for growth on a sjmthetic medium 
although other strains fail to grow on this medium Only biotm is required by 
ser eral clostndia, but thiamine, nboflavm, pantothemc acid and p-aminobenzoic 
acid are required by others On the basis of ai ailable data, it appears probable 
that “sporogenes Autamm” consists of several known factors but maj also con- 
tam some as j^et umdentified factor A systematic study employing the known 
compounds would undoubtedly throw much hght on the problem 

lYorife eluale factor, Lactobacillus casei factor, vitamin Be, folic acid, SLR factor 
In 1939 SneU and Peterson (378) published an abstract and m 1940 a complete 
paper (379), concermng the occurrence, concentration, and properties of a growth 
factor required by Lactohacillus casei ^ The factor was abundant m hver, malt 
products, and j'east, and occurred to a less extent m an extract of cereal grains 
Adsorption on nonte and elution therefrom was one of the most effective means 
of concentration, and because of this property, the factor was designated “nonte 
eluate factor ” In 1941, Hutchmgs ef al (124) published further details regard- 
mg the purification and properties of the factor and showed that it was required 
bj’- several other lactic and propiomc acid-formmg bactena, e g , Streptococcus 
lactis R, Propionibactenum pentosaceum, but could be synthesized by certam 
lactic types, e g , Lactobacillus arabtnosus, Levconostoc mesenteroides In the 
same year, Stokstad (399) also reported the preparation of an active concentrate 
from hver which could be replaced m part by thymme 

In 1941 hlitchell, Snell, and Williams (250) published a bnef note reportmg 
the concentration from spmach of a factor required by Streptococcus lactis R 
(No 8043 of the Amencan TiTie Culture Collection) * but also potent for L casei 
Because it was considered to be “a nearly pure chemical entity” (later found 
to be about 30% pure) and because of its abundance in leaves, the factor was 
named “fohe acid ’’ 

The two terms, “nonte eluate factor” and “fohe acid” ob\'iousty referred 

* This orgamsm is widely used in microbiological assaj s and at various times been 
called L casei, L casei «, and L helvelicus On the basis of a recent bactenological report 
(414) the most suitable name is L casei It is earned under the senal number 7469 by the 
\mencan Type Culture Collection, Georgetown Umversity Medical School, Washington, 
D C The discussion that follows appbes onlj to this strain of L casei Other strains of 
L casci maj not haie the same growth-factor reqmrements as Culture 7469 

= Attention is called to the recent reports of Nnen and Sherman (2S6), Niven (2S5) 
and Gunsalus, Kii en, and Sherman (116) stating that 5 laciis R is really a strain of Strepto- 
coccus faccahs The designation S lactis R is retained in conformity with the tenmnology 
used in the original papers 
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onginally to the same factor or factors but with some special emphasis m each 

S “ test organism Other mvestigators^eX^ 

t lat these factors are required by several additional bactena 

n 245, 251, 252) reported m detail 

rcvard n concentration of fohc acid, and supphed much information 

regarding its chemical and phj^siological properties On the basis of elementary 
analysis and molecular v eight determmations (400 ± 50) a formula of approxi- 
matclj' CjsHjiOgNi is indicated 


Interest in these factors was greatly stimulated by the discovery that they 
nere involved m animal nutrition Hutchmp et al (123a) reported that the 
nontc eluate factor was required for the growth of chicks Smce that time a 
large number of reports showmg ite importance for rats, chicks, and monkeys 
ha\ e appeared A discussion of these reports is outside the scope of this paper, 
but they have been adequately covered in a recent renew by Wieder (441) 

The convergmg lines of mveatigation m microbiological and ammat nutation 
met m the isolation from hver of a crystallme compound by PfifFner et al (309) 
in 1943 This compound was potent m extremelj, small quantities for both the 
chick and L casci Because the imbal research arose m pursmt of a chick 
antianemia factor which had been named vitamin Bo, this term was also used to 
designate the L caset factor The compound was obtamed as j^ellow or orange 
colored crystals that m the most recently published analysis (Binkley ei al , 31) 
had the following percentage composition C 52 45, H 4 29, N 19 7 
The announcement of Pfiffner ei al was soon followed by a note (Keressles}" 
c( al , 142) reportmg the isolation’ from an undisclosed source of a veri' potent 
factor for S laclts R (later called SLR factor) but almost inactn e for L cam 
In a later report, Stokes el al (397) gave the mterestmg information that 5 laclts 
R and other streptococci of the enterococcus group can convert the SLR factor 
into a form which is active for L caset and other lactobacilh Factor SLR is 
regarded by its discoverers as different from fohc acid because of the lack of 
response of L casci to it but, smce fohc acid is defined (Snell and Mitchell, 376, 
and Mitchell and Williams, 252) as the factor required by S ladis R, there is 


obviously an overlappmg of temtoiy m these two terms 
A few months later m 1943, Stokstad (400) announced the isolation of crystal- 
line compounds from both hver and yeast that had essentially the same com- 
position and properties as vitamm B, Stokatad's compounds had equal pot^cy 
for L casci, but for S hdts R the yeast product was only about one-half as 
potent as the hver isolate A fourth ciystalhne compoimd denved from sM 
Mother source was reported from the same laboratory by Hutehmgs ei al (125) 
This compound had about the same spectral absoiption as the hvCT and j east 
rut differed from that of highly purified fohc acid It was abou 
80 to 90 per cent as active for L caset but only about 6 per cent as actiie for 

^ A to m the ptete™ «. b«ueh. about by the e,y 

J J » ooar irhBihBr Or uot the compouiid was crystalline but in a 
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tliat, m yeast, ntamin Bo also occurs in the form of a conjugate that is highly 
active for the chick hut has httle potency for either L casei or 5 ladis R How- 
ever, on digestion with an enzjune found m kidne}’’ and other animal tissues but 
not m yeast, Bird et al (32) found that the conjugate becomes highly active for 
both organisms From the digestion matenal a crystallme compound was 
isolated identical m prop erties and potency with the crj^stals from hver Another 
report on the possible existence of a “folic acid”-hke matenal mactive for 
bactena but havmg vitamm actinty for the rat has been gii en by Welch and 
Wnght (433) At the tune this renew is bemg wntten (January 1945), there 
appear to be a pure compoimd that is very active for both organisms, a second 
that has the same actmty as the first for L casei but only one-half the activity 

TABLE 2 


Source and activity of crystalline or highly purified compounds required by Lactobacillus 
casei (A T C C 7469) and Streptococcus lactis R {4. T C C 8043) 


PEEP 

ASA 

TION 

KAICE 

SOTTICE 

TEST 

OiCANlSU 

AMOrVT rOE 
i \1AX 
ACtlVlTi 

DTVXSnCATOE 

1 

Mtamin Be 

Liver 

L casei 

my/ml 

0 05 

Pfiffner et al (309) 


ntanun Be 

Yeast 

L casei 

05 

Binkley et al (31) 


Vitamin Be 

Liver 

S lactis 

25 

Hutchings et al (125) 


Vitamin Be 

Yeast 

S lactis 

50 

Stokstad (400) 

2 

I Factor SLR 

Undisclosed 

S lactis 

054 

Keresztesy et al (142) 


Factor SLR ■ 

Undisclosed 

L casei 

20 had no 

1 Keresztesj et al (142) 

3 

1 

L casei factor 

Undisclosed 

L casei 

effect 

061 

Hutchings et al (125) 


L casei factor 

Undisclosed 

S lactis 

4 2 

Hutchings et al (125) 

4 

Folic acid 

Spinach 

S lactis 

055* 

^Ltchell and Snell (24S) 


Folic acid 

Spinach 

L casei 

072* 

Mitchell and 17111181113 (252) 
SneU (369) 


* Calculated for folic acid of 137,000 potencj 


of the hi er product for S laciis R, a thud that is actn e for L casei and almost 
inactu e for S laciis R, a fourth that is just the reverse of the thud, and a fifth, 
as j et not isolated m a pure state, that is mactive for both organisms 
The similanties and differences among the i anous compounds can perhaps 
be most readilj seen from the bnef tabulation set forth m table 2 Many other 
papers dealing with the testmg and potencj' of these compounds have appeared, 
but so far no one group of workers has tested all of the pure compounds Com- 
pansons of potencj' are hence difficult to make, but ntamin Be appears to be 
the most potent for L casei, and factor SLR the most potent for S laciis R 
The potencies reported place these compounds among the extremelj' actiie 
grouth factors, of uhich biotin is perhaps the best example 
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It js probable that the^ compounds possess some umt structure m common 


j r 11 uiiA./ auuuture m comxnoi 

?°!1. information is available, viz , vitamm B, 


cam factor, and fohc acid, contain a carboxyl group The methyl ester 
inactive but much of the potency of the free acid can be recoi ered after saponifi- 
cation of the ester The L cam factor appears to contam a free ammo group 
as It becomes inactive on treatment intii mtrous acid, on acetj'Iation. or on 
benzoj lation L cam factor and fohc acid have been related to vanthoptenn 
because of a sumlanty m ultraviolet absorption qiectra (Stokstad 400, Hutch- 
ings cl al , 125, Mitchell, 245, and Bloom ci al , 36) and hence it seems probable 
that the several factors contam a umt structure similar to that of xanthopterin 
Additional evidence of a relationship to xanthoptenn is found m certam common 
physiological properties cure of fish a n e mi a, relation to one another m synthesis 
or destruction by rat hver, and inhibition of synthesis by Aerobader aerogenes 
(Wnght ci al , 465, 467-469) 

Although L casei can be grown m contmued subculture m a medium con- 
taming only co'stalhne compounds (174, 416), umdentified factors that stimulate 
imtial growth have been reported by Feeney and Strong (92, 93), Pollack and 
Lindner (313), Light and Clarke (202), Dolby el al (76), and Spnnce and 
Woolley (392), but it is not clear how much of the effect obtamed is beyond that 
resulting from the addition of mcreased amounts of known compounds, e g , 
ammo acids and ntamms Thus Feen^ and Strong could replace their 3 'east 
extract with a mixture of compounds of which asparagme and glutamine were 
the most effective Pollack and Lmdner found glutamme was ten times as 
potent as peptone, the source of their factor, and Chu and Wilhams (62) report 
that when glutamine, pyndoxal, and p-ammobenroic acid were added to the 
basal medium, peptone had no effect Snell (369) found that 0 5% hydrolyzed 
casern, the amount usually used m the basal media, does not supply sufficient 
alanme, and Dolby and Waters (77) obtamed mcreased growth on the addition 
of Jeueme, isoleucme, and threonine Lowry and Bessey (206) discovered that 
making conditions more anaerobic, eg , by addition of cjsteine to the medium 
and replacement of air with COi, markedly improved acid production and pre- 
sumably growth of L cam The size of the moculum and the way it was pre- 
pared also appear to be of importance m determmmg the effect of stimiilatmg 
substances Besides a factor that stimulates imtial growth, Dolby, Happold, 
and Sanford postulate two other unknown factors for L caset, but they do not 
appear to have excluded the several compounds recently isolated m ciystallme 

form by Amencan imestigators , 

The situation that exists with respect to L cam appears to repeated 
;S laclts Smith (364), Spnnce and WooUey (392), and Wn^t and SLeggs (4«) 

7 ^ nrnmotrna effccts with umdentified factors obtamed from 3 east, 

report (S orthe other hand, tested 21 strains of S lochs 

hi & casern J ^ provided sufficient unheated filter- 

and all grew in 24 ho nriried to the autoclaved medium 

alentred “ ™”Soctoed m the toedjum, the rapome ™ 

‘ M «.d wnght „d Sheggs (4M) »gge.. <h.t 
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asparagine or glutamine may be mvolved m the structure of proteins or m the 
synthesis of compounds which are more active for the bacteria t h an the ongmal 
compounds 

Factors for other ladic acid bacteria Orla-Jensen et al (294, 295) have re- 
ported that unidentified growth factors contamed m milk are required for various 
lactic acid bacteria Some of the effects they obtamed from “milk bios” were 
probably due to p-ammobenzoic acid and to the recently isolated compounds 
that promote the growth of L casei and S laclie R 

MoUer (254, 255) reported that three umdentified factors, G, H', and J, were 
required by Streptobacterium plantarum, but apparently these have been replaced 
by known compounds, for m later papers Moller and Schwarz (259) and Kuhn 
and Schwarz (178) state that H' is p-ammobenzoic acid, and that the organism 
can be grown m media containing only known crystaUme compounds In a later 
paper, Kuhn et al (176) give the composition of the synthetic medium, this 
consists of 26 very carefully purified compounds (glucose, ammo acids, salts and 
growth factors) An acid-stable factor found m tomato jmce that stimulates 
the growth of Lactobacillus arabinosus has been reported by Kuiken et al (180a) 

Corynebacterium diphthenae factors A group of Enghsh mvestigators (Chat- 
taway et al , 53, 55, 57, 58, 59) have published several notes and papers regardmg 
unknown factors required by tntermedtus, mitis, and gravis strains of the diph- 
thena bactena The factors appear to be closely related to one or another of 
the recently isolated L casei and S lacks R factors Differences or identities 
can be established only when pure compounds have been tested 

Factors for Erysipelothnx and Listerella Hutner (127) reported that Erysipelo- 
thrix rlnisiopathiae required an umdentified factor found m yeast and peptone, 
that was partly adsorbed by fuller’s earth and completely adsorbed by charcoal 
In the same paper Hutner dealt with the requirements of Listerella monocytogenes 
and found that it required an unknown factor also found m yeast and peptone 
and similar m properties to the erysipelothnx factor In a later abstract, Hutner 
(128) states that this factor is not fohc acid, xanthopterm, oleate, or acid- 
hi'^drolyzed yeast nucleic acid The factor is found m so-called “vitamm-free” 
casein and withstands acid hydrolj’^sis 

Gonococcus factors A thermolabde factor required by certam fastidious strains 
of Neissena gonorrhoeas has been identified by Lankford and Snell (198) as 
glutamine, but all strains tested by Lankford et al (197) required one or more 
thermostable factors found m hi er and other tissues Certam other exactmg 
strains required cocarboxylase m addition to the umdentified factors (Lankford 
and Skaggs, 196) This requirement for cocarboxylase recalls the relationship 
between mcotimc acid and coenzymes I and H with respect to the reqmrements 
of the hemophilus bactena Gould (105) found that glutathione is essential 
for certam strains of gonococci after thej' have been cultured m the laboratoiy 
for T fev weeks WTien freshlj' isolated, they did not reqmre glutathione 
This IS an example of an mduced requirement, a phenomenon that is much less 
common than a relmquished requirement Gould also reported that, 63 ' suitable 
treatment, the organisms could be adapted to dispense with glutathione 
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by several investigators as having a striking effect 
on he growth of gonococci, but Gould ct al (106) found that it XlTa 
protection against the inhibitoiy effect of certain samples of agar and Li be 

aS’umde^^fi°^rf reported that meat infusion contains 

m unidentified factor that greatly stimulated the growth of their strains of 


rZT'' «frep/oenc« WooUey (d^S), and Spnnce and Woolley 

{dJ-J) reported on a factor from hver which promoted the growth of four strams 
of hemolytic streptococci and one etram of pneumococcus It is insoluble m 
most orgamc solvents, adsorbed with diflScuIty by charcoal but readily by BaSO<, 
and IS stable to acid and alkali The most potent concentrates were about 100 
times as active as the startmg material, about lOy per ml of medium gave a 
maximal effect 

Grossomcz (110) has also reported an unknown factor found in tomato jmce 
that is active for hemolj’tic streptococci It was fairly resistant to heatmg under 
neutral or alkaline conditions but was destroyed by peroxide and other ondizmg 
reagents 

Miscellaneous factors Thompson reported (412) that three of nme strains 
of propionic acid bactena would not grow m a medium contaimng the known 
growth factors but gren satisfactorily when yeast extract was added 
All of the indispensable factors for Ihe contmued subculture of Proteus morganu 
arc knonm, but Pelczar and Porter (305) found that meat infusion broth contains 
a stimulatory substance that about doubles the growth in the chemically- 
defined medium 

The same situation exists for Rhizobium tnfolit according to West and Wilson 
(437a) Various tissue and microbial extracts contam a heat-stable substance 
that stimulates growth but is not essential for successful continued transfer of 
the organism on a synthetic medium 

Unidentified factors have been reported for Bacterium iularense (407), Clos- 
tndvum acetobulyhcum (70) and Thermobactenum helveitcum (423) but, smee 
not all of the known growth substances were tested, the effects noted may have 
been due to known rather than to unknown factors 


InterchangeabilUy of growth factors 


Large quantities of one or more factors may substitute for small 
of another factor Kogl and van Wagtendonk (160) obtamed the same growt 
of Staphylococcus pyogenes aureus with large quantities (^ per nd) « ^Mne 
md nfcotimc acid and no biotm as they did with small quantities (0 05r) of 
the two faefore and 0 005r of biotin In other words, mcreasmg the tbimmne 
!nd robmc ld 100-fold dispensed with the need for biotin m the meihnm 
M6Ucr (264) reported that a 1000 times larger dosage of 

nicotimc acid for Slreplobuctcnump/aatarMin, and m a later paper ( o ) ^ ® 

R could be cultured in the absence of unknown 
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factors (later shorvn to be fobc acid) if thymine ivas added to the medium 
Stokes (394) reported that thjTnme gave complete replacement of fohc acid for 
S ladts R, Streptococcus diirans, three strains of Streptococcus faecalis, and partial 
replacement for Streptococcus zymogenes vrhen used m concentrations about 5,000 
tunes that of fohc acid Stokstad (399), Stokes (394), and Krueger and Peterson 
(174) have shown that fair though not optimal growth of Lactobacillus casei can 
be obtained m the absence of the vanous casei factors if hberal quantities of 
th5Tnme are contamed m the medium Another example of replacement was 
observed by Snell and Guirard (374) for S lactis R, with punfied alanme takmg 
the place of pjwidoxme About 500y of alanme were eqmvalent to I7 of pjTi- 
doxme The authors suggest that alanme may be one of the constituents utdized 
m the synthesis of pyndoxme SneU and AliteheU (377) found that methiomne, 
adenme, guanme, xanthme, or hjiioxantlune could replace p-ammobenzoic acid 
m the nutrition of Lactobacillus arabtnosus and Lactobacillus pentosus * Snyder 
and Broh-Kahn (390) report that C5'steme can take the place of hemm for 
Eemoplnlus influenzae but this report was not confirmed b}^ Bass et al (18) 
The growth of this organism on a hemm-free medium has been a subject of 
controversy for a long tune Ghon and Preyss (103, 104) mamtamed that such 
growth was due to small amounts of hematm m the other constituents of the 
medium Besides the ever-present danger of contaminants, the effect of heat 
stenhzation on the constituents of the medium must not be overlooked Bovar- 
mck (43-46) found that the moderate growth of dysenterj’- bactena m a medium 
m V hich mcotmamide had been replaced by asparagme or glutamic acid was due 
to the formation of the amide from these two compounds by heat stenhzation 
Many examples of mterchangeabdity among purmes and p^mmidmes are noted 
m table 1 


Structural speciflcity of compounds 

Man^ papers deahng with the response of bactena to large numbers of analogs 
of the lutamms or parts of their molecules have appeared durmg the past five 
j ears In many cases the analog not only possesses no growth-promotmg prop- 
ert^ but acts as an inhibitor toward the growth factor This inhibition may 
usuallj be rei ersed by addition of larger quantities of the growth factor to the 
medium The promotion of growth by one compound and inhibition of growth 
bj another is mterpreted as mdicatmg that the two compounds play competmg 
roles m some enzjme sj stem As Koser and Saunders (167) listed the papers 
that dealt mth dem atives of thiamine, nboflaim, and mcotmic acid and parts 
of the molecule of thiamine and pantothemc acid, m general onlj' papers that 
hai e been published smce the precedmg renew will be mentioned here 

Tlnaminc Knight (154) found that the p^umndme and thiazole parts of 

* In recent personal correspondence Dr Snell saj s that their medium apparently con- 
tained small amounts of p-aminobenzoic acid which m the presence of methiomne and the 
punncs were adequate for the needs of the bactena Much larger amounts of p-amino- 
benzoic acid nere required for growth when these substances were omitted Land\ and 
StreightofT (105) have also noted that punnes markedl^ increased the sensitmtv of Acelo- 
baclcr suboxudam to p-aminobenzoic acid 
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lococcus anrcus Sarett and Cheldelm (337), on the other hand, obtained 

ihiamme, 2-inethyl-4-ammo-5-pynmidyl.ine%i-(2- 
methjI-3-hydro^ethyl)-pyndinium bromide first called ‘-heterovitamin B,” bv 
Baiimgarten and Domoir (22) and Schopfer (345a) but more appropmtely 
named pynthiamme by Woolley and White (461) has shght growth-promoting 
properties but is more noteworthy because of its antagonisfac action toward 
tluamine S auret/s which requires either thiamine or the two parts of thianune 
m the medium was rather susceptible to pynthiamme The inhibition index 
(ratio of pynthiamme to thianune) was 2000 Bactena that can synthesise 
thiamine wore generally insensitive to pynthianune (inhibition mdex greater than 
2,000,000) but the quantity of thiamine synthesized (sff 0 02y/ml m the cells 
of E coK) appeared insufficient to neutralize the quantity of pynthianune m the 
medium (500y/ml) Wyss (470) tested pynthiamme as a therapeutic agent 
against & aureits but since non-toxic le\ els were not antibactenal m the blood, 
he concluded that it had httle chemotherapeutic \ aiue Sarett and Cheldelm 
(338) found pynthiamme was more mhibitoiy to the utilization of dipbospbo- 
thiaminc (cocarboxylase) than of thiamme for the growth of LadtibaaUus 
fcrmcnium 

Ribojlann Denvatives of nboflavm have been mvestigated by Snell and 
Strong (381) for potency toward Lactobacillus casei and for SlreptobacUnum 
planlarum and Bacterium laclts acidt by Kuhn (176) and Moller (255) Pew 
modifications were equal to the natural compound, and many were inachve 
The some compounds were tested on rats and the results m general were m good 
agreement with the bactenological data Several examples of the competitive 
action between nboflaTun and sttucturally related compounds, e g , 6,7-dichlor- 
nboflnm (ICuhn ei al , 179), a phenazme analog (Woolley, 457), propamidme 
and other antimalanal drugs (Madmaveiba, 235) with respect to lactic acid 
bactena and hemolytic streptococci have been reported Kuhn e( al made the 
interesting observation that the inhibitiott ratio of analog to nboQavm increased 
with tune of mcubation About six tunes as much inhibitor was required for a 
six-day mcubation of B planlarum as for a two-day period The authcro inter- 
preted the results as indicating that the bactena slowly synthesized nboffam 

and eventually 01 ercame the action of the diclilor denvahve 

Nicolmic acid Pelczar and Porter (301) tested thirteen compounds re at^ 
to mcotimc acid for activity toward 189 strema of Proteus vulgans and rek^ 
snccies Only compounds closely related to mcotimc acid, c g , salts amde, 
aSd ester, were active Coraimne (diethyl nicotinamide) was ^ 

ter P tnilgans as is also the case for Slreptobactemm planlarum (MSller and 

BirWct. 257), but «»i louud 
and ICrebl ct aZ (171,172) 
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Thiazole 5-carbox5'lic acid (isostenc -with mcotmic acid) had about 0 1% of 
the actinty of mcotmic acid for dj’-senter}’- bacdh (Schmelkes, 345) Pjoidme- 
3-sulfomc acid, the sulfur analog of mcotmic acid, was practically without effect 
on the growth of Proteus vulgans but strongly inhibited the development of 
Staphylococcus aureus and Streptdhacterium pla7iiarum (iNIcIlwam, 225, Moller 
and Birkofer, 257) The inhibition was counteracted by more mcotimc acid or 
amide and m case of S plantarum by heavy metals, especially iron (257) 

Picolimc acid also inhibited <5 plantarum Nicotmic acid failed to reverse this 
inhibition but heai^ metals (zmc was the most effective) counteracted the 
picohmc acid completely (MoUer and Birkofer, 258) Wood and Austnan (451) 
also showed that mcotmamide and cozjnnase block the action of chemically un- 
related compounds Structural sumlanty appears thus not to be the only basis 
for antagonism between compounds 

The requirement of Hemophilus parainfluenzas for co 25 Tnase has been shown 
b}’- Schlenk and Gmgnch (343) and Gmgnch and Schlenk (104b) to reside m 
the mabdity of the organism to Imk the mcotmamide with the nbose Nicotm- 
amide nucleoside but not other parts of the nucleotide can replace the cozymase 
molecule 

Pantothenic acid Additional reports showmg the replacement of pantothemc 
acid by /3-alamne for subspecies of Corynehactenum diphthenae (Evans et al , 
88, 89), and Rhizohium tnfolii (West and Wilson, 440) have been published 
The butyrolactone part of the pantothemc acid molecule is all that is needed by 
a stram of hemolytic streptococci (WooUej’’, 453) and by a culture of Acetdbacler 
suboxydans (Underkofler et al , 417) Either of the two components as well as 
the pantothemc acid itself stimulates the growth of Brucella suis (Koser et al , 
163) Numerous combinations of analogs of the |8-alamne part of pantothemc 
acid (Wemstock et al , 431, Kuhn et al , 180, Snell, 366, 367, Barnett and Robm- 
son, 15, Mcllwam, 226—233, Pollack, 311, jMadmaveitia et al , 236) and of the 
butyrolactone part (Woolley and Hutchmgs, 458, 459, Subbaron and Bane, 405, 
hlitchell et al , 249) have been tested with various bactena but the potency of 
e^ erj' compound has been either negative or much less than that of the natural 
component Compounds contaimng the sulfur analogs of fi-alamne, e g , 
pantoyltaurme, are especially mterestmg smce hke the sulfa drugs they possess 
mhibitmg properties and their effect can be reversed by pantothemc acid The 
re\ ersibihty suggests that pantothemc acid and pantoyltaurme probably play 
competing roles m some enzjTne sj'stem Strains of bactena that are resistant to 
pantoj Itauime usually have the abihty to sjmthesize pantothemc acid Resist- 
ance IS possessed by some strains that occur in nature but can be mduced m 
others 

Pyndoxjnc The speciBcitj" of vanous denvatives of pyndoxme has been 
detemnned for Strcptobaclcnum plantarum (iSIoller, 255) and Lactobacillus casei 
(Bolionos ct al , 38) and comparison made with the response of the rat to the 
same compounds A good parallelism was found between microbiological and 
rat potcncj , but no dem ati\ es were as actn e as pjTidoxme itself 

In contrast to the generall\ lesser actinty of analogs of groivth factors, Snell 
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^ natt^aljy occumng denvative of pyndoxjne. 
pro^mnaHy caUed pseudopyndonne. ihst several thousand tunes Ce acfave 
or Srepfococcns laclis R than the laboratory eowpomd Other lactic acid 

Sr h ^ pseudopyndovme In a later papi, SneU 

(3^) showed that the activity of pyndoxme could be increased many fold by 
autoclaving the pjTidoane with the medium Autoclaving with ammo acids 
ammonia, and other constituents of the medium also brought about the con- 
vereiM As a result of a cooperative effort to solve the problem, Snell (370-372) 
and Hams cl al (118) have discovered that the activity of pseudopyndoxme 
can bo^ accounted for by two synthetic compounds, “pyndoxal” and “pyndox- 
ammo " In these compounds the 4-hydrovymethyl group of pyndoxme is re- 
placed by a formyl ( CHO) or an ammomethyl ( — CHjNH') group, respectiv^y 
These compounds are from 6000 to 9000 tames as active as pyndoxme for S 
loclis R, but all three compounds have the same activity for SacchccTOTJiyces carls- 
bcrgcnsis This difference m response permits a differential assay for pyndoxme 
and pseudopyndoxme The latter comprises a considerable portion (from less 
than S to more than 50%) of the total vitamin B» present m food, body tissues 
and unne In a personal communication, Dr Snell states that “pyndoxal and 
pyndoxamme arc active for all organisms so far tested which need pyndoxme 
as well os for some that do not use pyndoxme ” It is probable that the func- 
tional forms of pyndoxme are compounds identical with or closely related to the 
aldehyde or amme Some organisms, e p , yeast, readily brmg about the trans- 
formation from the relatively mactive to the very active form The inability of 
an organism to bnng about this transformation might explam failure to grow on 
a synthetic medium Obviously much work done with pyndoxme should he 
repeated mth the two new compounds Another outgrowth of this work is to 
reduce the apparent requirement of certain orgamsms for pyndoxme The 
quantity of pjoidoxine required by many bacteria has always seemed unusually 
Jiigli, but if pjwidoxal (or pyndoxamme) is taken as the standard, the amount of 
those compounds needed places them among the very active growth factors 
Another oxidation product of pyndoxme, a lactone, has recently been reported by 
Scott cl a/ ( 318 ) to promote the growth of A 
p-Ajiii«oWico«d (FAB) Since Woods’ (452) discoveiy of antagonistic 
notion between PAB and sulfanilamide and the consequent identification of 
PAB ns a growth factor, mmy papers have appeared dealing with vanous aspects 
nf the relationship between the two compounds The hterature on the subject 

™ii l.n mf(Dt,oned Whil® pape» fsalwre PAB as the antagonist of the 
ifn rtrncB sesera! other compounds have been found to inhibit their action 
S m Senine, bypormO^e, wto, «d urethane mvem. the 

’’'f uuder i oonditions (Bhas «id IsniB.f , H«™ and 

!r*l 117 Sued and Mitchell, 377, Johnson, 134a, Kohn and Hama, 161) 

<"■ dW-<hmnin.b«.eoph»on., phosphimih. 
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acid, 4,4'-diammobeiml, 2,2'-diIiydroxybeiizil) that are structurally related to 
PAB and antagonize its grovrth-promoting action have been prepared and tested 
by Kuhn and associates (175a, 176, 177) Auhagen (11) reported that on a 
molar basis p-anunobenzoyl-Z-glutamic acid (PABG) was 8 to 10 tunes as potent 
as PAB m reversmg the action of sulfandamide on Streptohacienum plantarum, 
but ‘Wilhams (443) was not able to confirm this result with a similar organism, 
LacidbacUlxis plantarum 'Williams found PAB was 20 tunes as active as PABG 
for a closely related organism, Lactobacillus ardbinosus, and hundreds of tunes 
more potent than PABG for Eschenchxa coh, Clostridium acetohutyhcum, Strepto- 
coccus pyogenes, Diplococcus pneumoniae, and Acetobacter suboxydans 

The existence of other antagonists to the sulfa drugs than PAB has been re- 
ported m yeast extract (Loomis el al , 205) and m bacterial cultures (Green, 107, 
Green and Bielschowskj’’, 108, and Almck, 244) Sevag and Green (351) con- 
cluded that the msensitivity of resistant strains of staphylococci is not associated 
with the formation of PAB However, Landy el al (192-194) and Spmk el al 
(391) have shown that str ains of Staphylococcus aureus which are resistant to 
sulfonamide drugs produced on the average from 40 to 70 tunes as much PAB 
as non-resistant strains of the same organism The exclusion of PAB on the 
basis of unlike chemical properties and quantitative data does not appear to 
rest on too firm a basis because of the uncertamty regardmg the properties and 
quantitative determination of bound PAB 

Rubbo ei al (335) reported that p-ammophenylacetic acid was ten tunes as 
activ e as PAB for Clostridium acetobulylicum, but "Wyss et al (470a) and Lampen 
and Peterson (183) obtained an activity of only about 0 1% of that given by 
PAB When tested on Acetobacter suboocydans, which requires PAB, p-ammo- 
phenylacetic acid showed 2 per cent of the activity of PAB Many other com- 
pounds related to PAB have been tested by the above groups of workers but 
most of these had httle activitj^ 

Biotin Two forms of biotm have been reported to exist m nature and manj' 
papers deahng with then isolation, structure and potency have appeared (Kogl 
and associates, 157-159, du “Sfigneaud and associates, 419, 421) The first 
obtamed m crj'’stalhne form from egg yolk by Kogl and Tonnis (158), is desig- 
nated a-biotm by Kogl and ten Ham (157) and the second, obtamed by du 
Ibgneaud and associates (421) from hver is called /3-biotm by the Dutch mvesti- 
gators In a recent renew on biotm, Melvdle (240a) pomts out that the struc- 
ture proposed for a-biotm has not been confirmed by synthesis as has been done 
with P-biotm and also notes that the conclusion of Kogl and associates regardmg 
the structure of (3-biotm is not m agreement with the work of the American 
im estigators The existence of two forms of biotm therefore appears to be an 
open question Aside from differences m structure, a difference m actinty is 
said to distinguish the tv o compounds a-Biotm is reported to be only one-half 
as active for jeast as /S-biotm No reports companng the activntv* of the two 
biotins for bacteria hav e been noted 

anous compounds related to jS-biotm hav e been tested for their bacterial 
actmtv The methv 1 ester is as activ e as the free acid for some bactena, e g , 
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aureus, CMum hutyhcum, but by others, e g , LactohacMus 
<^s^, S(Tcp(obadmumplaniamm, it is UBed with difficulty (MoUer, 255 Ses 

Peterson, 416) Synthetic biotm had 

aud rf/-aliobiotm had only slight activity (due perhaps to contamination with the 
active d-biotm) for L casei and L arabinom (Stokes and Gunness, 396a) 

Several papers (Dittmer et al , 74, Dittmer and du Tigneaud, 76, Lilly and 
Leonian, 203, and Stokes and Gunness, 396a) deal with the activity of com- 
pounds structurally related to biotm None of these compounds have any real 
growth-promoting effect hut several of them have antibiotm activity, and the 
inhibition can be reversed by the addition of more biotm Most of the work 
has been done with desthiobiotm (a sulfur-free compoimd) and L casei Biotm 
sulfonc, however, has greater antibiotm activity than desthiobiotm. Some bac- 
teria that require biotm (L arabtno&us and Rhizdbium tnfdbi) were not inhibited 
by large additions of desthiobiotm to the medium In contrast to yeasts, which 
are able to reform the sulfur rmg, bacteria do not seem to have this sjmthetic 
ability Benzimidazole, which is also structural!}' related to biotm, inhibited 
the growth of Streptococcus laclts R and Bschcncha coli Biotm did not counter- 
act the effect of benzimidazole on either organism but guanme and adenine 
overcame its action on J? cah, and uracil removed the inhibition towards lactisR 
(Woolley, 456) 

By treatment of unne or ntab hydrolysates, Burk and Winzler (47) have ob- 
tained biotm-hke products that have been designated miotm, tiotm, and rbiotm, 
depending on their reaction to heat, avidm, yeast, and rhizobium bacteria As 
these products have not been isolated and identified, and as many of the prop- 
erties attnbuted to them are possessed by known denvatives of biotm, eg 
desthiobiotm aud dionunocarbovyhc acid, httie advantage seems to be gamed 
from the mtroduction of these terms 

Pimehc acid, discovered by Mueller (263, 264) to be a growth factor for the 
diphthena bacillus, is apparently a precursor of biotm (du Figneaud et al , 420) 

No other biotm-requinng bacterium has been found able to use pimehc acid m 
place of biotm Wnght (462) and Hutner (129) obtained negative results with 
Lactohacillm casei and RhodoepinUum rubrum, respectively 

STwrassis of growth factors 

In table 1, a record mdicated by the letter S was made of the synth^ of 
ETondh factors which need not be supphed to the bacteria named Bmdes these, 
Sre 18 a larger number of bactena that need no preformed growth factom 
Bactena thSmn grow on a sugar -b salts medium must of ^Jh^” 

vitamins hst^ m table l, aM ^pn^pounds On the other hand, it is 

are ubhzed m the growth and 
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met-abolism of all bactena The limited information available lends support to 
this new The most complete data bearmg on the subject are those of Thomp 
son (411) He reports data for eight B-ntamins m cells and medium of bactena 
from five different genera grown for 24 hours on the same medium Arranged 

TABLE 3 


Synthesis of groicth factors by bacteria 


TACXOIL 

oi.QAiasus Manzjnxs, akd concektsahon xa^ce 

p-Ammobeiizoic acid 

\ 

Alcaligenes faecalts (193), Aerobacter aerogenes (193), Bacillus 
megatherium (193), B subtilis (193), B vulgatus (193), Bru- 
cella abortus (193), Clostridium bolultnum (193), C sporo- 
genes (193), C tetani (193), *Corynebacterium diphtheriae 
(193), Diplococcus pneumoniae (193), Eberthella typhosa 
(193), Escherichia coli (193), Klebsiella pneumoniae (193), 
Lactobacillus casei (193), L delbrftd ii (193), *Myocbaclerium 
tuberculosis (193), M stercoris (193), ‘ilf smegma (193), 
Neisseria gonorrhoeas (191), Proteus lulgaris (193), *Pseudo- 
monas aeruginosa (193), Salmonella paratyphi (193), *S 
schotlmuellen (193), Serratia marcescens (193), Shigella 
dysentenae (193), S paradysentenae (193), * Staphylococcus 
albus (193), *S aureus (193), staphylococci (resistant strains 
(391)), Streptococcus hemolyticus (193), S salivarius (193), 
*S scarlatinae (193) 

Range 0 (X)3y/ml, cells and culture filtrate, C sporogenes, to 
3 S-y/ml, S aureus 

Biotm 

Alcaligenes faecalts (48, 187), Acetobacier suboxydans (417), 
* Aerobacter aerogenes (187,411), Azolobacter vinelandii (200), 
Bacillus anthracis (187), B subtilis (187), B lulgatus (48), 
Bacterium aerogenes (48), Clostridium acidi urici (14), Eber- 
thella typhi (187), ‘Escherichia coli (48, 101, 187, 241), Kleb- 
siella pneumoniae (187), ‘Mycobacterium tuberculosis (187), 
‘Phytomonas tumefaciens (234), Proteus vulgaris (48, 411), 
Pseudomonas aeruginosa (187), *P fluorescens (411), Sarcina 
lulea (187), Serratia marcescens (187, 411), ‘Staphylococcus 
aureus (187), Thiobacillus thiooxidans (290) 

Range 0 OOOoT'/ml, cells and culture filtrate, A faecalis, to 
0 035 7 /ml, P tumefaciens 

Nicotinic acid 

Alcaligenes faecalts (48), Aerobacter aerogenes (411), ‘Azotobac- 
ter iinelandii (200), Bacillus mesentericus (48), B vulgatus 
(48), Bactemim aerogenes (48), ‘Clostridium butylicum (411), 
Corynebactcrium diphtheriae (424), Escherichia coll (48), 
‘Proteus vulgaris (411), Pseudomonas fluorescens (411), Ser- 
ratia marcescens (411), Shigella paradysentenae (169), Thio- 
bacillus thiooxidans (290) 

Range 0 028 7 /ml, cells and culture filtrate, E coli, to 4 6 
7 /ml, 4 rinclandii 

• Denotes organisms that haie been reported to be good producers of the factor, i c 
approvimateh one half or more of that reported for the best producer 
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Pantothenic acid 


PjTidoxine 


Hiboflawn 


table 3 — Conltnutd 

r~ — - ... 

OXOAKISVS ^Uujscrs. JUIP C oyu.M lJlTTnv^iTr^ 

Acrohacler aerogtnei (411), *4zotobacter vinclandti (200), 
Clostridium bulyhcum (411), Phytomonas tumefaciens (234), 
Proteus vulgans (411), Pseudomonas fiuoreseens (411), iJAito- 
bium mehloti (217), Serratta marcescens (411), Thtobacdlus 
ihtooxtdans (290) 

Range 0 0303 y/m], cells and culture filtrate, P vulgans, to 
0 99 r/ml, A rtntlandst 

Acrobaclcr aerogenes (411), *Clostndium hvtyhcum (411), Lac- 
tobacillus arabtnosus (38), L pentosus (38), Leuconostoe 
mcscntcrotdes (38), Proteus vulgans (All), *Pssudojnonas 
fiuoreseens (411), *Serratia marcescens (411), Thiobaallus 
thiooxidans (290) 

Range 0 0049 •j'/ml, cells and culture filtrate, P vulgans, to 
0 0242 r/ml, P fluortsetns 


Alcahgenes boolent (415), A Jaecalis (48), A nseosus (330), 
*Acctobacter suboxydans (330, 417), Achromobacter deltca- 
(ultum (415), A radiobacier (330), Aerobaallus polymyxa 
(330), Aerobaeler aerogenes (330 , 411, 416), A cloacae (415), 
A oxylocum (415), Avoiobacter agile (393a), A ehroococcum 
(330, 393a), A nnelandti (200, 330, 393a), Bacillus allolactis 
(415), S ccrcus (415), B cohaerens (416), B grareolens 
(415), B globigit (330), B mesenlencus (48), B myeoides 
(330, 415), B niger (330, 415), B rolans (415), B ruminatus 
(415), B suhtibs (330, 415), B tulgalus (48, 416), Baetenum 
aerogenes (48), B brasstcae (381), B herbicola, (330),*CIo«' 
Indium acclohutyhcum (330, 471), C acidi unci (14), *C 
bulyhcum (411), *C bvtyneum (425a), C felstncum (330), 
C pastcunanum (425a), C roseum (330), Corynebactenum 
dtpblhenae (67, 73, 88, 330, 424), Ebcrthclla typhi (330), Es 
cherichia colt (48, 330, 415, 461), Flarobaelenum sulfuncum 
(330), Blebsiella pneumoniae (415), Lactobaallus arabinosus 
(330), L brasstcae (381), deXbriicht (435a.), L helrelicus 
(2) , L pentosus (381) , Leuconostoe mcsenteroides (381) , Micro 
coccus casci (415), M csreus (415), M atrevs (415), M 
frcudcnreichtt (416), M pcreitreus (415), M perfiavus (415), 
M subfiavus (415), if areae (415), Wycobactenum tubacu- 
lasts (40, 333, 401), if smegmaUs ( 330 ), A etssena catanhahs 
(330), *Phytomonas tumefaciens (234, 330), Proteus vulgans 

(48 330 411 415), Pseudomonas aeruginosa (330), P fluores 

cen’s (292, 2M, 330, 411), P pyocyaneus (292, 294), Rhicobium 
tnfoln (437), Salmonella schollmutUen (330), Sarana lutea 
(415), Serratta marcescens (330, 411, 416), Shigella dysen 
lenae (330), Shigella paradysenlenae (EO) , Sptnllum^P‘^ 
(330), Staphylococcus albus (330, f 

416), S flavus (289), Streptococcus bans (415), 5 lactis (3811, 

Thidbacillus thiooxidans (290) , a r Areto 

Range 0 02 y/nA, Baetenum herbicola, to 8 5 y/val, Aceto 

bacier suboxydans 


RELATION OF BACTERLA TO VITAMIN'S 


79 


TABLE 3 — Conduded 

PACTOS 

ORGAKISilS, XErZRia»CES, AND CONCENTRATION RANGE 

Thiamine 

*Alcahgenes faecalts (4S), Aerobaefer aerogenes (411), Azoio- 
iohacter iinetandn (200), Bacillus mesentericus (48), *B 
vulgatus (48, 111), ^Bacterium aerogenes (48), Clostridium 
butylicum (411, 461), Corgnebacterium diphthenae (88, 424), 
Escherichia colt (48, 102, 461), hemolytic streptococci (286, 
461), Lactobacillus arabinosus (461), L casei (461), Pro- 
pionibactenum frcudenreichii (408), P pentosaceum (361), 
*Proteus vulgans (48, 411), Pseudomonas fluorescens (411), 
Rhtzobium trifoln (437), Serratia marcescens (411), Strepto- 
coccus durans (286), S faecalts (286), S liquefaciens (286), 
S zymogenes (286), Thiobacillus thiooxidans (290) 

Range 0 0032 -r/ml, cells and culture filtrate, hemolytic strep- 
cocci, to 0 150 T/ml, B vulgatus 

Vitamin K 

Bacillus coll (68, 69, 296), B cercus (4), B mycoides (4), B 
sublilts (4), Bacterium aerogenes (4), B bifldum (296), B 
[ flexneri (4), B proteus (4),B typhosum (4), ErythrobaciUus 
prodigiosus (4), Eschenchta coli (4), Microbactenum laclicum 
(296), Mycobacterium phlei (460), M tuberculosis (4, 6a), 
Sarcina lutea (4), Staphylococcus aureus (4), Streptococcus, 
faecium (69) 

Range E-qiressed as 2 methjl-l,4-naphthoqmnone From 
8 y per gram dry weight of cells, B bifldum, to 152 y per gram 
dry weight of cells, B sublilts 

Nonte eluate factor, 
folic acid, ntamin Be 

Aerobacler aerogenes (465), Azotobacter vinelandii (200) , Bacillus 
lactis acidi, B brassicae (124), Clostridium acidi unci (14), 
C butylicum (411), Escherichia coli (241), Lactobacillus 
arabinosus (124), L gayonii (124), L pentosus (124), Leuco- 
nostoc mesenteroides (124), Proteus vulgans (411), Pseudo- 
monas fluorescens (411), Serratia marcescens (411) 

Range Not expressed in terms of a pure compound 

Miscellaneous 

Anti-hemorrhagic 

compounds 

Inositol 

Uracil 

Vitamins Bio and Bu 

P factor 

Mycobacterium phlei (460) 

Aerobacler aerogenes (411), Clostndium butylicum (411), Pro- 
teus lulgans (411), Pseudomonas fluorescens (411), Serratia 
marcescens (411) 

Bacterium typhosum (329), Staphylococcus aureus (329) 
Mycobacterium tuberculosis (243) 

Brucella abortus (107) 


rouglilj m descending order of growth-factor productmty (cells and medium) 
the bactena were as follmis Pseudomonas fluorescens, Acrobae'er aerogenes, 
Sciraha marccscc/is, Clostridium biitylicum, Proteus vulgaris In the cells the 
compound present m smallest amount, biotm, % aned from 1 7 (P vulgans) to 
7 1 (P fluorescens) micrograms per gram of dn cells (eqm\alent to from 2300 
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to ^ ml of meditm) The compound present m next to largest amount 

’/T T which has not been reported 

to be required b}' any bacteria, amounted to from 870 to 1700r 

The distnbution of the compounds between cells and ceU-frec medium was 
°^um This was outstandmgly so for biotin, where 
apout 90% of the total was found m the medium and only 10% m the cells 
Thiamme was distnbuted about equally between cells and medium Smee the 
mcubation penod was only 24 hours, Thompson concluded that the compounds 
found m the medium represented secretion rather than autolysis of dead cells 
Ckinfirming evidence was obtamed for biotm in case of P vulgans by successive 
analyses dunng the incubation penod Based on the percentage of the total 
produced in 48 hours, the biotm m the medium ‘led" that m the cells 
The effect of addmg each growth factor m turn to the medium on the synthesis 
of the others by A aerogenes was tested with negative results Likewise the 
addition of about 1 microgcam of nboflavm per ml of medium caused no increase 
in toe nboflaim content of toe cells and even shiditly more riboflavin was 
synthesized than when no nboflavm was added One nugbt say that the celts 
“preferred'’ to synthesize their nboflavm rather than to take it from toe medium 
Burkholder and McVeigh (48) reported data for the synthesis of four growth 
factors by six species of mtestmal bactena,'grown for 48 hours Two of the 
species, A aerogenes and P vulgans, were toe same as those Thompson used 
Calculated to a dry matter basis (assumed to be 25%), Burkholder and McVeigh’s 
figures are m general higher than Thompson’s, m case of thiamine, 16 to 18 times 
higher These differences are not to be stressed, since vanation in strain, 
medium, aeration, incubation penod, etc probably account for them By selec- 
tion of strains and modifymg the cultural conditions, toe productivity can cer- 
tainly be mcreased many fold 

Sevag and Green (350) have shown that tryptophane is required for the 
synthesis of aiylammes (PAB ?) by Staphylococcus aureus Lysine, threonine, 

' and alanine appear to be required for toe synthesis of pyndonne by Ladobaallus 
arahnosus (Stokes and Gunness, 396) 

Besides toe papers deahng with the ^thesis of vitamins by pure cultures of 
bactena, there is a considerable hterature that is concerned with the sjmthesis 
of B vitamins by bactena m the mtestmal tract of animals and man The 
synthesis of B vitamins m the rumen of cattle is sufficient to meet all the need? 
of toe animal for these vitamins In the rat, a biotm deficiency wnnot be ob- 
tamed without the use of egg white to bind the biotm that is produced bj ac- 
tena m the cecum and lower mtestme The synthesis of the B lu amiM n the 
mtestmal tract of animals thus becomes a matter of considerable nutritional 
imnortance Likewise this synthesis is a complicating factor m tbemte^reta- 

tion of the data obtamed m feedmg expenmente A number of 

of diet, snecies. and other factors on the intestinal syngas of 


tm 26rS. ribokvi (221. 236a. 246 262, 427), 
S’.i^sitol (246, 455a). vitamm K (221), ar^dfobc acid (246) 
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BACTERIOLOGICAL ASSAYS FOR GROWTH FACTORS 

One of the striking developments m the field of growth factors m recent years 
IS the use of microorganisms for the quantitative deter mina tion of these com- 
pounds m foods, normal and abnormal tissues, blood, feces, urme, bactenological 
media, vitamm products, and man}’- other biological matenals Probably more 
analyses are made by rmcrobiological than by chemical methods hlany of the 
B vitamins cannot yet be determmed by chemical methods and the advent of 
microbiological procedures has been of enormous advantage to the mdustnes that 
manufacture products featurmg vitamm content Of the ten vitamins m the 
B-group, eight can be readily determmed by means of bactena, four can be 
assayed by means of yeasts, and four lend themselves well to chenucal deter- 
mination Inositol can be determmed by means of yeast but not with bactena, 
because as yet no bactenum has been shown to require this compound m the 
culture medium 

"While the use of bactena for assay purposes had been suggested previously, 
the first widely used method was that proposed by SneU and Strong m 1939 (382) 
for nboflavm by means of L case^ (A T C C 7469) In the next five years 
nearly a score of papers de alin g mth this one method were published Durmg 
the same penod this bactenum has been used successfully for the determination 
of pantothemc acid, biotm, and L casei factor (vitamin Be, fohc acid) and less 
satisfactorily for mcotmic acid and pyndoxme Its growth is only shghtly 
stimulated by thi amin e and p-ammobennoic acid, hence it is unsmtable for the 
determination of these compounds Nearly forty papers have been published 
de alin g with the use of this one micro5rganism This is approximately one-half 
of aU papers published on bactenological assay methods m the past five years 
Many of the methods that have been published have been found to have 
senous faults which came to hght as the methods were apphed to a wide vanety 
of matenals Sensitivity to compoimds (e g , fatty acids) never suspected of 
plajung a part m the nutntion of bactena, free and bound forms of vitamins 
occumng m nature, effect of structure on activity (leadmg to a rational expla- 
nation of the action of certam drugs) are some of the products of research on 
quantitative methods 

Theoretically an assay method should be possible for any compound that is 
reqmred by a microorganism, but m practice some rmcrofirganisms are more 
satisfactory than others Some of the necessary conditions that should be ful- 
filled are as follows 

1 The medium should contam all constituents that are necessary for optimum 
de\elopment and actmty of the microorganism other than the factor to be 
deterrmned Such a medium is mdicated by the production of a low turbidit}^ 
or aciditj m the absence of the factor and optimum growth and formation of 
products m its presence With an excess of the factor the development of the 
nucroorgamsm should be equal to that m a natural medium of comparable sugar 
and mtrogen content 

2 The response of the nucroorgamsm (as measured by cell growth, products. 
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or other index) to increasing quantities of the factor should be regular and uref 

IS desirable A striking example of non^qmi alence is illustrated bj the 
^er^ce m respon^ of L cam to pyndoxme. pyndoxal, and p^'ndoxaniine 

avf! hh) compounds appears to be 

available at the present tune 

Measurement of combmed forms of groivth factors is particularly difficult 
\\ fade some of these, e g , coenzyme I and nboflavm nucleotides, appear io be 
equivalent on a molar basis to the free compound, m other cases (e g biotin, 
pantothemc acid), the boimd form ib unavailable to the assay organism The 
gronth factor must then be set free by means of chemical reagents or enzjuncs 
Some growth factors are labile to acid and alkab, and enzymes do not ahiajs 
release the compound from its bound form The ideal nncroorganism might be 
one that has strong amyloljTie and proteolytic powers so as to enable it to use 
ail forms of the compound and thus approximate the action of digestii e enzymes 
m animal nutrition On the other hand, the microbrganism should not respond 
to degradation products of the compound Up to the present no bactenum 
possessmg all these desirable features has been found 

3 In the assay of natural materials, the responses at different Irnels should 
give the same value when this is calculated per gram or other umt of the matenal 
Irregular values are mdicative of another factor or factors m the matenal which 
may be stunuiatory or inhibitory at different levels 

4 Repeated assays of the same matenal should check, c g , withm 5%. A 
smtable sample repeatedly analyzed serves as a reference material and should 
be mcluded m every large senes of analyses as a useful check on the assay 
as a whole 

5 The sample should contam no inhibitory or toxic substances If such sub 
stances are present, the results will probably be vanable, as mentioned under 3 
Such a substance may be present m the onginal material or be produced by the 
treatment of the matenal, e g , decomposition products or axcess salts 

6 A standard moculum should be used To start with a sturdy and stable 
imcroorgamsm is essential The stock culture should be earned on a medium 
that mamtams the organism in a stable condition, and the moculum should be 
developed m the same way each time Obviously such pomts as age and sire 
of moculum are of great importance 

7 The microdrgamsm should preferably be non-pathogemc If the metnou 
IS to be widely used and consequently by techmcians, a pathogen is dangerous, 
and necessary precautions reduce the number of assays that can be performed m 

“ should be wd to »»«!. work the «■; “ 

aesoy sbotdd be 1 to 3 d.,». end for control work m md^rj 5 W » 

these reomrements are met to a reasonable degree, there stiU no 

entototate tor oM Md ^m»ce ® toe 

method tor to..l to.msen „ stdl no. perfect 
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TABLE 4 

Badendlogtcal assay methods 


C20VMH 

JACTOi 

TEST OKOA^'ISlr 

PMNdPLE or 
UEASCmiEKT 

•mrr OF 

TEST 

XAI^GE or 
STAKDAID rat ml 

JtETEEESCES 




hours 



p-Amiiio- 

benzoic 

acid 

Acefobacler sub- 
oxydans 

Turbidity 

48 

0-10 my 

189, 195, 247 


Closlndivm aceto- 
butyltcum. 

Turbidity 

20-24 

0-0 15 my 

184 


LactoiaciUits 

arabinosus 

Acidity 

72 

1 

0-0 05 my 

201 

Biotin 

Clostridium 

bulybcum 

Turbidity 

72 

0-0 1 my 

181 


Lactobacillus 

arabinosus 

Acidity 

72 

0-0 25 my 

466 


Lactobaallvs 

casei 

Aciditj 

72 1 

0-1 my 

74, 188, 353, 
354, 395,416, 
445 


Leuconostoc 

mesenteroides 

Turbidity or 
acidity 

72 

0-1 my 

1 

100 


Rhizobium trifolu 

Turbidity 

72 

Yeast ex- 
tract 

440 

Chobne 

Pneumococcus 

TjTie m 

Turbidity 

12-24 

0-6y 

12 

CoenzjTnes 

I and n 

Hemophilus 

influenzae 

Nitrite pro- 
duction 

48 

0-0 037 y 

121 


E parainfluenzae 

Turbidity 

24-30 

Yeast ex- 
tract = 0- 
0 18 mg of 
fresh 
yeast 

160a 


E parainfluenzae 

Turbidity 

40-42 

2 5-20 my 

310 


E parainfluenzae 

Turbidity 

24-29 

0-0 06 y 

261 

Nicotin- 

amide 

Shigella dysen- 
teriae 

Turbidity 

16-22 

t 0-0 025 y 

132 

Nicotimc 

acid 

Acctobactcr suboxy- 
dans 

Turbidity 

48 

1 0.2o-3 0 y 

138 


Bacillus proteus 

Turbidity 

30 

0-0 1 y 

214 


Lactobacillus 

arabinosus 

Aciditj 

72 

0-0 1 y 

8, 60, 109, 131, 
173, 239, 387 
388 


L arabinosus 

CO. liberation 
bj acid form- 
ed 

3 

0-13 3 my 

10 


L casci 

Aciditi 

72 

0-0 1 y 

18S 


Leuconostoc 

mesenteroides 

Turbiditj or 
aciditr 

72 

0-0 1 y 

100 
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TABLE 4 — Continued 


GZOWTH 

TACTOm 

TUT OXCAmSU 

pukopie or 
xiiASDizacarr 

•mizor 

TEST 

EAKCE or 

STAlOlAll) FES ml 

nmucEs 




houti 



Nicotimc ac- 

Dysentery bacillus 

Acidity 

4 days 

001- 010 7 

79 

id (.Cant’d) 

(Shigella?) 





Pantothenic 

Lactobacillus 

Acidity 

72 

0-0 027 

362 

acid 

arahinosus 

L caset 

Acidity 

72 

(M)207 

20,50,188,202, 





(Ca salt) 

276, 276, 307 
308,355,393, 
398,403,425, 
442, 463 


Leuconostoc 

Turbidity or 

72 

0-10 m7 

100 


mcsenteroides 
Proteus morganu 

acidity 

Turbidity, pH 

24 

O-l m7 

303,301 


or bactenal 

1 mtrogen 



342 


(/J-Alamne) 

Corynebacterium 

1 Bactenal 

70 

0-1^7 

diphpienae 

mtrogen 




Pyndoxine* 

Lactobacillus 

Acidity 

72 

O-OI7 

61a, 188, 369 

(pTHdox- 

casct 





al, etc ) 

Leuconostoc 

Turbidity or 

72 

0-0^7 

100 

“Pseudopy- 

mcsenteroides 

Streptococcus 

acidity 

Turbiditj 

16 

0-037 

134, 368, 375 

ndo-ane” 

lactiB R 





Riboflavin 

Lactobacillus caset 

Acidity 

72 

0-0 057 

7, 16, 17. 20, 
66, 87, 133, 






140,188,318, 
319,347,382, 
402, 404,406, 





1 

423,429 

(small 

amounts) 

L casei 

L gugurl 

Acidity 

Acidity 

72 

72 

0-20 mr 

04)1 7 

206 

61 

Thiaimne 

Lactobacillus 

Turbidity 

16-18 

0-5 my 

337 


Jermentum 

Leuconostoc 

Turbidity or 

72 

0-3 m7 

100 


mesenteroides 

proptonibactcrtVTTi 

acidity 

COj evolution 

4 

0-0^ 7 

350,361 


pentosaceum 

Staphylococcus 

Turbidity 

36 

O-OA my 

430 


aurewe 

Streptococcus soli- 
vanus 

Turbidity 

24 

0-02 my 

288 

Nonte elu- 
ate factor 

Lactobacillus 

caset 

Acidity 

48 






I fraction | 

L— — — 
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TABLE 4 — Concluded 


CEROWtH 

PACTOR 

TEST OROAJOSII 

PRINCIPLE or 
ItEASUREMEKT 

TIME OP 
TEST 

RANGE OP 
STANDARD PER ml 





houTi 



Fohc acid 

Streptococcus 
lactis R 

Turbidity 

24 

0-200 y hver 
extract B 

207, 248 

1 

Lactobacillus casei 

Acidity 

72 

0-0 003 r 
fohc acid 

concen- 

trate 

188 

't’ltamiii Be 

L casei 

Acidity 

30-72 

0-1 my 



S lactis R 

Acidity 

30-72 

0-8 my 



S lactis R 

Turbidity 

16 

0-5 my 



* PyndovLne is inactive for L casei and other lactic acid bacteria, whereas pyndoxal 
and pyndoxamine are very active All these terms are retained in this review since no 
single compound has as yet been agreed on by investigators to express the vitamin Bt 
activity of natural materials 

If used with skiU and judgment, microbiological assays can be valuable and 
useful tools 

In table 4 are hsted the prmcipal bactenological methods that have been 
proposed for the quantitative determination of vanous growth factors In 
compdmg this table only those methods are included that have been defimtely 
proposed for the purpose and their apphcation to natural matenals worked out 
to some degree 

Next to L casei, the organism most used for assays is L arabinosus It is 
employed almost exclusively for estimatmg mcotmic acid, and occasionally for 
biotm and p-ammobenzoic acid Smce it also requires pantothemc acid (table 1) , 
presumably it could be used for the assay of this compound Leuconostoc 
mcsenteroides is a bacterium that requires practically the same growth factors 
as L casei, and recently Games and Stahly (99, 100) have suggested its use for 
five different assays, but the methods have not 3 mt been apphed to biological 
matenals It is onlj’^ m practice that the rehabihty and limitations of a method 
can be ascertamed L mesenieroides has one advantage over L casei m that it 
can be used for thi amin e assay, but it also has a disadvantage m not bemg smt- 
able for nbofiann because it synthesizes this compound Its response to the 
nev L casei and S laclis factors and its sensitivity to higher fatty acids have 
not been determmed 

A smgle organism and a standard medium smtable for as manj' assaj^s as 
possible would be highty desirable m control work, and Landy and Dicken (188) 
proposed such a medium adaptable for the determmation of six growth factors 
bj* means of L casei This medium, however, did not contam all of the factors 
required bj L casei m optimal amoimts It can also be much improved by the 
inclusion of the pure form of newty isolated growth factors, and the addition of 
stinmlatoiy* substances (Sprmce and Woollej , 392, Tepty and Eliehjem, 410) 
The most serious known disadvantage to the use of L casei is its sensitmty to 
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h^er fatty aeida To date no completely satisfactory procedure has been dm e) 

xnterfenng substances Unfortunately most lactic 
d bac^a s^ra to be sensitive to small amounte of higher fatty acids but a 

^t^tic study of the lactic acid bactena might reveal a more suitable organ- 
ism tnan L caset ° 

A glance at table 4 shows that turbidity and acidity are the cntena most 
mdety used for measurmg the response of the organism Nitnte production and 
sjTitflesis of celluIflT nitrogen have been used m a fevr cases 
Om of the features most strongly favormg bactenologicai methods is the 
small quantity of the compoimd required for a detenmnation This ranges from 
10~^ to 10-» microgram of brotin to 0 05 to 0 5 microgram of nicotmic acid- 
quantities that are far beyond the reach of most chemical methods 


DESTRlJCTtON OF GROWTH FACTORS 

For some time bactena have been known to destroy ascorbic acid m the 
medium and m the mtestinal tract of cattle Foster (95) describes a new species 
of bactena, Pseudomonas nboflamnus, that oxidizes nboflavin. to lumichrome 
stoichiometncally according to the equation 

CuHjoOiN^ -f" 6iOi > CjjHMOtNi -f 5COj + 5HiO 

nboflavin lumichrome 

Mmck (244) isolated a soil oiganism which, on the basis of oiygen uptake, 
apparently ondized p-ammobenzoic acid to carbon dioxide, water, and ammonia 
By cultunng the organism in the presence of anthramhc (o-annnobenaiic) acid, 
the cells became adapted to the destruction of tbis compound In a medium 
containing nicotinic acid as the sole source of carbon Pseudomonas fluorescens 
and Serraha marcescens destroyed the compound In a medium devoid of 
mcotimc acid both organisms synthesized it (Koser and Baird, 161a) 


FUNCTION OF GROWTH FACTORS 

The role of certam growth factors, e g , nboflavin and thiamme, as constituent 
parts of coenzymes has been mentioned so many times that it need not be re- 
viewed here By analogy it is generally assumed that the other growth factors 
serve in a similar capacity However, most of the recent data m support of this 
view are general rather than specific m character Khgler el al (148, 149) 
reported that mcotimc acid and thiamme are required if glucose is prewnt in 
the medium, but not if it is absent Many papers have been published showing 
that thiamme (119, 321-323, 358, 360, 365), nboflavm (2, 143), pantothenic acid 
(26 78 120), and mcotimc acid (or coemyme I) (82, 211) increase re^iration 
K upike, carbon dioxide production or methylene blue inaction) by celb 
(e7^ Siaphylococcus aureus, Propionibactenum penlosaceum, Proteus morgann, 
L^^ rnnnitepoeiis, dysentery bacilh, HcmopWua pcrmii/ucnmc) acting 

on vanous of fiiffaro for^r^Sth tector m catabohe processes has 
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decarbox5’^lation of tjTrosme by strains of Streptococcus faecalis In a senes of 
papers, these workers have shown first, a marked apparent requirement for 
pjwidoxme m the decarbox3dation process, second, that pseudopyndoxme is more 
active tbnn pyndoxme, third, that pyndoxal possesses this mcreased actmty, 
and fourth, that adenosme tnphosphate (ATP) functions with pyndoxal m the 
decarboxylation process A synthetic compound, presumably phosphorylated 
pjTidoxal, was prepared and found to function with an en2yme preparation from 
S faecalis The exact structure of the compound is still to be determmed 

The above results do not correlate entirely with the work of two Enghsh 
mvestigators (Gale and Epps, 97a, 98) on the coenzyme mvolved m the de- 
carboxylation of tjTTOsme and lysme by E coli and S faecalis These authors 
report that p5rndoxme had no coenzyme activity In the second paper, they 
report purification of the coenzyme about 15,000 times and state that their prep- 
aration contamed no phosphorus It did contain C, H, and N but the percentage 
content was not that of pjTidoxme However, they did not test pyndoxal for 
coenzjone activity nor did they determme the pyndoxme (or pjTidoxal) content 
of their coenzyme preparation The discrepancies between the results obtamed 
by the two groups of workers will probabty be cleared up shortly Another 
function for pyndoxal is reported by Scblenk and SneU (344) and by SneU (373) 
who showed that it is mvolved m transamination reactions 

In sjmthetic processes, Sevag and Green (349) showed that pantothemc acid 
was required for the buddmg of trjqitophane by certam strains of Staphylococcus 
aureus, and Stokes and Gunness (396) found that pyndoxamme (or pyndoxal) 
was needed m the synthesis of lysme, threomne, and alamne by LadohaciUus 
arabinosus, Lactobacillus casei, and Lactobacillus delbrUckti Stokes (394) ex- 
plains the mterchangeabihty of thymme and fohe acid m the nutntion of vanous 
lactic acid bactena as endence for the view that the role of fohe acid is to function 
in the synthesis of thymme This m turn is needed for the buildmg of nucleic 
acids p-Ammobenzoic acid is not required for the growth of the tubercle 
bacillus but m high concentrations promotes the formation of an umdentified 
yellow pigment (IMayer, 238) 

Meyer (240) reported that biotm mcreases enormousty the actinty of the 
mucolj’tic enzjTue, lysozjune The mcreased lysis, of both hvmg and acetone- 
dned cells of Micrococcus lysodeiHicus when IO7 of biotm was added to the 
substmte, ranged from 8 to 250 tunes A note by Laurence (199) reported that 
Ij’sozjTne bmds biotm and that the andm-biotm complex has lysozjmie actinty 

However, such a relationship of lysozyme to biotm and avidm does not seem to 
hold as judged bj' other work Alderton et al (3) reported that crj’staUme 
1} sozjTne contamed httle or no biotm or avudm Additions of biotm to pure or 
impure Ij sozjane preparations did not enhance the lytic activity of the enzjnne 
Com crselj , aAudm preparations v ere essentiallj’^ free of lysozyme Prenouslj' 
Woollej' and Longsworth (459a) had found that highly purified avidm was devoid 
of Ij-soz^me actmty 

Tu 0 papers (Miller ci al , 242 , WiUiams ct al , 444) attemptmg to link growth 
factors with a number of highly punfied enzAune proteins haa e giv en negatii e 
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commofl enzyme proteins, many of winch had been 
pijared in ai-cr^Ilme state, were analyzed for seven of the well-known groirth 
factore, eg biotm, etc Although small quantities of these compounck were 
found in the e^une proteins, the amounts were too small to be considered 
constituent parte of the molecule except perhaps for mositol m amylase and 
thi^e in carboxylase Assuming only a single mole of the factor m one 
molecule of protein, a molecular weight far greater than that ascnbed to these 
proteins would be required 

While there are more data associating growth factors with breakdown than 
with synthetic processes, considerable information is bemg accumulated linking 
growth factors with the buildmg of the cell as well as with its maintenance 
The term growth factor will appear more appropriate as more information is 
obtained lin k i n g it with constructive processes 
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I LIFE CYCLES 

Common bakers’ and brewers’ yeast, Saccharomyces cerevmae, exists m both 
haplophase and diplophase There are two matmg t3T)es m the haplophase, 
and haploid cells of opposite matmg type copulate to produce diploid cells 
Wmge (76) m Copenhagen, and Kruis and Satava (26) m Prague, showed 
that the standard vegetative cells of S cerevistae are diploid, produced by copu- 
lation of two spores or gametes denved from spores The diploid nuclei un- 
dergo reduction at spore formation to produce four haploid ascospores The 
large, elhpsoidal vegetative yeast cell is produced by the fusion of two round 
haploid gametes denved from ascospores Wmge established the facts of this 
hfe cycle beyond question by a classical senes of observations on the germma- 
tion of ascospores and fusion of haploid cells Winge and Laustsen (78-82) 
m a senes of notable papers, showed that colomal characteristics, fermentative 
abihty, and cell shape are under the control of genes which segregate at the 
reduction division 

The Distnbulwn of Haphphase and Diplophase 
Wmge was the first to distmguish clearly between haplophase and diplo- 
phase yeast cultures, and we have corroborated his observations with some shghf 
modifications Workers famihar with other biological matenal may question 
the propnety of speaking definitely of haplophase and diplophase m organisms 
where the cj'tological facts have not been conclusively demonstrated I shall 
therefore summanze all the arguments, Winge’s reinforced by ours, for dis- 
tmguishmg haplophase and diplophase I should preface these rules by saymg 

• Tlus work was supported bj a grant from Anheuser-Busch, Inc , St Loins 
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Iiat over four-fifths of the cultures which one encounters are easily character- 
i^d by microscopic examination They are either obviously haploid or di- 
ploid, as shown simply by size, shape, and aggregation of the cells The 
reasons for classifymg them are as follows 


a The large vegetative cells, which we call "legitimate diploids” produce 
viable four-spored asci These spores gemnnate to produce smaller, usually 
roimd, cells, which we caU “haploid ” The latter multiply vegetatively, gen- 
erally maintanung their specific cell-shape and size 
b Two of these smaller cells may fuse to produce a large “diploid” cell ca- 
pable of vegetative multiphcation mile the large cell is imdeigomg i egetatii e 
^P^^duction, it retains its characteristic elhpsoidal shape and size Under 
certam conditions, this diploid cell can be mduced to sponilate Spores from 
it m turn produce haploids and the process can be repeated mdefimtelj 
c The large cells which we recogmze as diploids are artraordinanlj stable 
m then genetic characenstics when they are grown under conditions m which 
sponiiation does not occur Transfemng the cultures every forty-eight hours 
m broth is generally sufficient to mamtam the vegetative diplophase Colonies 
produced by platmg out are not sectored, the plates do not show colonial van- 
ante However, when haplophase (smgle ascospore) cultures of anj' age are 
plated out, a variety of colonial vanants appear on the plate or the giant colo- 
nies are sectored These facts are consistent with the view that the large 
cells are diploid, thus mmumzmg the number of spontaneous mutations which 
may appear, while m the haplophase most mutants become apparent and are 
easily discovered. 

d When the diploid cells sponilate to produce haploid cells, there is genetic 
evidence of a reduction division (Wrnge and Laustsen, 78) Genetical anal 3 ’sts 
shows that a single pair of alleles responsible for the two different matmg 
13 segregated at this meiosis Two a and two a type haplophase cultures arc 
usually obtamed from the four smgle ascospore cultures (Lmdegren and Lmde- 
gren, 46) There is also genetic evidence for the segregation of a gene-pair 
controUmg fermentation of mehbiose (Lmdegren, Spiegelman, and Lmdegren, 

50) durmg the meiosis that precedes spore formation Also, evidence proving 
that factors controUmg cell shape may be segregated in a hybnd of Saccha- 
romyces bayanvs and S cermstae (Lmdegren, 34) has been accumulated m ad- 
dition to that previously offered by Winge and Laustsen (81) m the balanced 


heterozygote, Saccharomycodes ludungit j j u u 

e Haploid cultures of a and a matmg type have been paired, and the r^Jt- 
mg diploid cultures m turn have been mduced to sponilate, the hapffiphases 
have ^ tested and found again to faU mto the a and a categones Matings 
SSmts character have been earned through four or five generations m 
several cases Similarly, segregation of the gene-pair controlMg “c’^biose 

hes - 

“.rteem to prove concluetrely th.t the te™s hoplophoe. 
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diplopliase can be used as definitely in speaking of yeasts as of organisms m 
whicb the cytological evidence is more complete The illegitimate diploids 
pro\nde an exception vrhich is quite famihar to the mycologist Copulations 
between haplophases which are usually mcapable of copulatmg on genetical 
grounds were called “Durchbrechungskopulationen” by Brunswik (5) Copu- 
lations of this type frequently occur m smgle ascospore cultures and produce 
diploids which are homozygous for the a or a factors With rare exceptions 
these diploids sporulate poorly, and for this reason we have not studied them 
mtensively A few smgle ascospore cultures sporulate well, and some produce 
large cells that are difficult to classify’- either as defimte haplophases or illegiti- 
mate diploids However, the general rules laid down m the precedmg discus- 
sion hold very well, and exceptions are not more frequent than m the higher 
plants where the phenomenon of alternation of generations (diploid and haploid) 
IS well established 


Eaploids, Diploids, and Dicaryons 

In the hfe cj^cles of other fungi, except yeasts, the only diploid nucleus is 
formed just precedmg sporulation, and the hfe cycle is almost completely m 
the haplophase When the eqmvalent of a diplophase is required for genetical 
stabdity m such structures as toadstools, a dicaryon is produced This is a 
cell structure m which two genetically different haploid nuclei are paired m a 
smgle cell Smce both nuclei function m the same cytoplasm, the resultant 
cell IS practically, although not actually, diploid for the dommant genes sup- 
press the recessives, resultmg m the expression of only normal characters, and 
the suppression of aU mutant characters for which the dicaiyon is heterozygous 
(fig 1) Dicarjmns or diploid nuclei are essential for organ formation because 
organ formation is based on the genetical stabihty of the bmldmg block, the 
cell Dicaryons, although they do not exist m yeasts, are the usual compromise 
of fungi m organ formation, they give genetical stabihty with considerable 
flexibihty For example, when two dicaryons come mto contact they may 
exchange nuclei to reconstitute new dicaiyons without the necessity of first 
breaking down the nucleus by a meiotic mechanism The advantage which 
nucroorganisms denve from spendmg most of their existence m the haplophase 
consists m the fact that they are able to take advantage of every mutation which 
occurs, smce the new gene begins to function immediately and by selection it 
may supplant the ongmal forms Smgle mutant genes, however, cannot func- 
tion m diploid cells (or m dicaryons) because the normal dommant gene sup- 
presses the action of the mutant allele 

Segregation, Mutation, and Recombination 

In perfect yeasts the large, eUipsoidal x'egetative cells, constitutmg the greater 
pirt of the life cj cle, are truly diploid, thus settmg these organisms apart from 
ot er fungi and ascomycetes m this very exceptional character Prenously 
nas supposed that S cerevisiae produced its spores parthenogenetically 
ince haplophase i egetative cells are the rule among fimgi, the large, eUipsoidal 
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vegetative cells ivere supposed to be haploid and spores were supposed to de- 
velop by an apogamous mechanism Kruis and Satava (26) were the first to 
observe that the spores genmnated to produce what they called “reduced” 
forms, which later fused to develop the standard, large elhpsoidal vegetative 
cells In their first ]omt paper, they did not give genetical significance to this 
phenomenon, apparently because Kruis vas of the opmion that yeasts multi- 
phed amitoticall}’’, but Satava (65, 66) later suggested that the fused cells con- 
tamed a smgle nucleus, and Wmge and Laustsen (78, 81) showed that reduction 
of the nucleus to produce spores was accompamed by regular Mend elian segre- 
gation of morphological characters 

Lmdegren and Lmdegren (46) demonstrated that the normal so-called legiti- 
mate diploid yeast cell is heterozygous for a smgle pair of matmg type alleles, 
fl/a, and that matmgs occur preferentially between two gametes of opposite 
matmg type Two of the spores from each ascus belong to matmg type a, 
while the other two belong to matmg t 3 T)e a Each ascospore, when grown 
separately, produces a culture contaimng small, round haploid cells and hy- 
bridization occurs, producmg large, dumb-bell shaped zygotes, when an a and 
an a culture are mixed m the same broth Copulations can be observed micro- 
scopically and large, diploid vegetative cells develop shortly thereafter 
Haploid yeast cells are much smaller and more variable than diploid cells, 
vaiymg more both from culture to culture and withm a smgle culture than di- 
ploid cells These (hfferences are also reflected m the colomes, the diploid 
colomes are larger and more uniform, while haploid cultures produce smaller 
colonies which are usually Tough and generally show considerable variation 
(fig 2) 

^giegation of genes occurs when the chromosomes are segregated at the re- 
duction division of the diploid cells just prior to sponilation The haplophase 
originates by the reduction of the diplophase at spore formation, and the segre- 
gation of a heterozygote produces segregants of different genotypes Yeasts 

extraordmanly heterozygous, and a great variation of colomal forms is 
0 tamed by the isolation of smgle ascospore cultures Each of the four spores 
onned m ^ smgle ascus is usually genetically different The haploid segre- 
gants are usually rough-colomed, smooth-colomed diploid cells usually produce 
^ A ^°'^^'^*^lonied haploid segregants The segregant cultures also vary 
^ sir fermentative abihty and m the size and shape of the haploid cells The 
JTe of cell aggregation is also characteristically different Haplophase clones 
^ tend to produce aggregated or agglutmated cells much more fre- 
T ^ clones 

up ophase j easts are nearly always inferior m their fermentative abihty 
from quantitatively, or even quahtatively, to the diploid parent 

acten^ ongmated, and many of '^em have lost certam specific char- 

vm 6'^ample, a smgle ascospore culture ongmatmg from S cere- 

on^ 1 ^ ferment sucrose, or maltose, or galactose, although the 

jMut fermented these sugars successfully 

u ion m tbe haplophase enormously mcreases the variation of colomal 
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ta, but the onpual segregant cau generaUy be distogmshed from the sec- 
ondary mutante when the culture js plated out At firet, the mutants are usu- 
^y slow-gro^g prepuce small, round colomes, but on transfer they 
become adapted and stabdized and their specific colomal character becomi 
apparent, distinguishing them from the ongmal segregant Schzosaccharo- 
myces pombe, which is normaUy unable to ferment galactose, can ferment this 
wgar if moeulations with cultures containing large numbers of spores are used. 
Mutations occurrmg m the haplophase are selected and propagated hfost 
haplophase yeasts earned m the laboratory by serial transfer become stenle, 

1 e , lose their abihty to copulate with the opposite mating type In spite of the 
wide variety of types that mutation produces, the ecosting genotype of any 
cell limits its potentialities and the range of its possible vanations This fact 
has been especialty brought out in e.vperunent8 auned at adaptmg haplophases 
by selection S cermsiae la unable to ferment mehbiose, and prolonged ex- 
posure of haplophase cultures of S ceremstae to mehbiose failed to produce 
any mutants capable of fermentmg this sugar A haplophase variant of S 
ceremstae, mcapable of fermentmg galactose, could not be mduced through a 
four-month penod to produce mutants capable of fermenting galactose, althou^ 
this strain produced an abundance of colomal vanants durmg that same period 
Therefore, some “losses” as m the case of fertihty, (see Hyhndizaiion) occur 
easily, while some “gams” as m the case of specific fermentative abihties, ap- 
parently do not occur at all Contmued selection and plating of colomes often 
lead to the appearance of stable colomal vanants which seem to have lost their 
capacity to produce other colomal types Some of these forms are round- 
celled and presumably haploid 

Segregation and mutation produce a great vanety of haploid gametes They 
all have the general characteristics of the species, but most copulations will 
produce reoombmations different m a number of nunor characters from the 
diploid from which they onginated These facts are summarized in fig 2, 
showmg that (1) segregation, (2) mutation, and (3) recombmation, are geneti- 
cal devices for produemg variation in yeasts The large, eUipsoidal cells which 
produce a smooth colony on sohd medium are usually heterozygous for a num- 
ber of chsracteis which are segregated at the reduction diiTSion and trans- 
mitted to four different ascospores which we usually designote arbitranl> as 
A B C and D Each of these four spores generally produces a characfenstic- 
aUv 'different colony the ongmal segregant The haploid cells arc 
round and much smaller than the ongmal diploid cell When the haploid cells 
are plated out, a vanety of colomal forms appear, mdicatmg that man} senc 
mutations have occuired When matmgs are made between the four clonw m 

A y B and C X D fails to produce copulations, but the other 
T’ CS mTopiltmi^, mdicatmg that A and B are matmg t,-pe « 

J’r and D are matmg type a The different designations for matmg tj-pe 
while C ® ^ OccSonally diploid cells appear m some of the single 

that »pukt..n» bad produced . d.pl.pte. houco- 


Large smooth 


U) segrelgation 


Colony 



1 ir 2 V ihngrim shoeing the gcnetical mechanisms which produce \anations m } easts 
The Icpitiniate diploid %cgetatue cell produces a large, smooth colom During spore 
formition, segregation occurs and four haploid spores are formed Since the onginal 
^ c ist IS usualh hotcroz^ gous for Ee\ oral loci each of the four segregants is usualh geneti- 
calh different and produces haploid cellswhich form a characteristic colon\ Platingthese 
cells out on agar results in production from each segregant of a ■\ariet\ of rough colonies, 
distiiigui«lnblc morphological mutants Three mutants are indicated in the figure but 
am number nia\ be obtained depending on flic persistence of the in\estigafor Two of 
the segreg ints in this ca^c from spores t and /i are of sox a, while the other two from spores 
( iiid /) are of scxo \\heno\er a suspension of cells from an a and ana clone arc mixed, 
c opiil itioiis occur IS indicated In the diagram Those produce diploid colls capable of 
iirodiicing xiable four spored isci and ire classified as legitimate diploids Most of these 
li gitiiii lie diploids max lie gcnoticallx different from the original diploid genotx pc since 
minx of tin recombinations after segregation max be homozx gous for manx genes for 
whuh till original cell xxas heterozxgous Illegitimate diploids max be produced bx 
topiilitions between different cells or mutants of an onginal single ascospore culture 
Thc^e arc i hancterizcd bx smaller diploid cells and less xiable, gcnerallx two spored 
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Fig 3 Photograph or the Abcospores of StcrinRoiiii rrnfw-nf ^iinwiyi Th< 
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zygoiis for the matmg 131)6 alleles The illegitimate diploid cells are usually 
somewhat smaller than the legitimate afa diploids 
Legitimate (a/a) diploids generally produce abundant and viable ascospores 
(fig 3 ), while the correspondmg homozygous (illegitimate, a/a, a/a) diploids 
generally sporulate less vigorously and produce fewer and less viable ascospores 
The asci are often two-spored rather than three- or four-spored 


The. Rough Colony 


The roughness of colomes grown on sohd medium is a useful, diagnostic char- 
acter m differentiatmg vanous cultures It apparently depends basically on 
the fact that the cells cohere to form a specific pattern, due to the manner m 
which thej’’ bud and branch This basic pattern of aggregation is obvious m 
the microscopic exammation of cells from broth cultures The evtreme rough- 
type colomes usuallj'- produce specific “rosette” aggregations Winge ( 76 ) 
descnbed the “figure eight” arrangement common m haploid cells pnor to 
copulation After a bud has reached full size, two new buds appear (one from 
the mother and one from the daughter cell) near the pomt of umon of the daugh- 
ter and mother cell, producmg a “four-leaf clover” effect hlost “rosettes” 
appear to be a vanation of this “figure eight” formation hlany cultures 
make what appear to be homogeneous suspensions because the “rosettes” 
are too small to affect the turbid appearance produced when the culture is 
suspended m flmd medium or grown m broth, but the extremelj’’ rough colomes 
cannot be easdj’’ brought mto a homogeneous suspension and when extremely 
rough-tjT)e j'easts are grown m hqmd medium, the supernatant hqmd is often 
completely clear This is a character much desired for wme yeasts, especially 
for champagne j^easts There is a basic pattern of cohesion even m extremely 
smooth cultures, for nearly all colomes show some distmctive topographical 
structure if grown on sohd medium long enough to form a giant colony Con- 
versety, when moderately rough colomes are sown hea^^ly enough on agar to 
prevent the formation of large colomes, only smooth ones appear On an 
une\enly spread plate one finds an outer fnnge of extremely rough, large col- 
omes and a central group of small, smooth ones All belong to the same geno- 
tj^pe but the rough character cannot come mto expression until the colony 
attains considerable size 


^ e ha\ e observed several hundred different clones of rough-colomed yeasts, 
^ each one is distinctive and recognizable and can be duphcated 

^d recogmzed when transplanted, we have not thus far discovered any exact 
uphcates The range of vanation is extremely great In addition to the 
^ amental “rosette” or buddmg pattern, differences m shapes and sizes of 
t e cells affect the colonial form In aU colomes the vanation m cell size m- 
creases with age, generall}’ m the direction of producmg larger cells As a rule, 
rough colomes contam more elongate cells than smooth colomes, and part of the 
osis for extreme roughness is possiblj’’ the mamtenance of end-to-end con- 
nections after cell dnusion, which has been descnbed so frequently m the genus 
Bacillus 
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All four cultures from the smgle aseospores isolated from a four-spored ascus 
ongmatmg from stable, smooth-colomed, wild-type diploid cultures of S arc- 
vtsiae are usually rou^-colomed This proves that the genes differentiating 
rough from smooth colomes are recessive and several loci are mvohed The 
wild-type "opposite number" alleles of the mutant genes prevent them from 
commg mto expression m the heterosygous wild-type diplophase Although 
we have dissected many asm from the same diploid cultures, practically no duph- 
cate cultures have been found among the colomes grown from the smgle asco- 
spores, which indicates that the diploid cell is heterozygous for a considerable 
number of mutant genes, and that many loci affect the characters lumped mto 
the so-called “rough” class 

The Life Cycle of Saccharomycodes ludvngtt 

Copulations between yeast aseospores were observed as eariy as 1889 when 
Hansen desenbed the genus Saccharomycodes Four spores are found m each 



Fia 4 A DBAWT^o Copieb fhom Wince akb Latjstsen Showing the ABnANOEUEvr or 
Spoees in the Asetrs op Saccksmomtcodeb irowion and the Foehation or 
Spobe Ztgotes Withts the Ascob 


ascus, two at each end of the cell The two paired spores alwaj's fuse (fig 4) 
withm the ascus and germinate to produce a diploid cell which grows i egeta- 
tavely until sponilation In this yeast the haplophase is transitoiy and exists 
only in the aseospores Winge and Laustsen (81) studied this organism m 
detail and found it to be a balanced heterozj^gote They showed that the 
haplophase could be cultivated by separatmg the spores from the ascus and that 
two spores m each ascus produced cells exhibitmg normal growth, iV, while 
two earned lethal genes, n, resultmg m the early death of the haplophase cul- 
tures Segregation of another pair of alleles was obsened sunultaneouslj , 
which produced either long, L, or short, I, cell growth (fig 5) The two co- 
herent spores are always complementary, if one is M, the other is nL, or if one 
IB NL the other is nl In each ascus the pau of coherent spores at one md is 
idenbk with the pair of coherent spores at the other end (fig 6) Jmge 
confirmed these observations with several pedigrees and ^o det^med the 
orientation of spmdles m the ascus, findmg that the spmdle m Meiosis I is 
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longitudmal and centrally located, ivhile the spmdles of Meiosis n are located 
rather close together and overlap This is a variation of the mechanism m 
Neurospora teirasperma which lea^ to the production of homothalhc bmucleate 
ascospores first described by Dodge (12) and analyzed further by Lmdegren 
(36) 

I have mterpreted Winge and Laustsen’s data accordmg to the foUowmg 
scheme (fig 6) That the two genes are not linked is mdicated by the fact that 
the four recombmation types are foimd m equal proportions Therefore, both 
genes are on different chromosomes However, each is so close to the spmdle 
attachment that segregation mvanably occurs at the Meiosis I without crossmg 
over After Meiosis I, the dyads m each nucleus will be either NN, LL and 
Tin, ZZ, as m fig 6c, or ll and nn, LL, as m fig 6C' The fact that the spmdles 


UnT^l 



Fia 5 A DiAORAii Copied from Winge ajtd Laustsen Shovtvg the Two Ttpes of 
Segregation in the Docbet Hetehoztgotic Sacchaeohtcodes lhdwigii 


alwa 3 ’s o\ erlap results m two possible final arrangements m the ascus These 
are the two arrangements that mvanablj' occur 
Tins analjsis pro\es that the diploid Saccharomycodes ludvngii contains at 
least four chromosomes 


n MATING TYPES 

Although T\mge (76) and Kniis and Sataia (26) both observed copulations 
between haplophase jeast ceUs deirved from single ascospores, they obtamed 
no e\ndence that the abihty to copulate was under genetical control, m fact, 
W inge stated specificalh that “fertilization does not consist m a umon of cells 
that differ genotj-picallj' ” In the cultures which he used the phenomenon 
probabh was not so clear-cut as with our cultures, and e\en with our cultures 
man\ c\ccptions are encountered However, the facts which prove that a 
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S' ^ “= 1>“'» 

..a ^e L., ‘‘'•s: 



Pio 6 Aa interpretation of TTinge and Lauatsen'a data on SacchaTomyecxies ludtciffit 
ehoBing vrhy the doubly heterotygous diploid alwayg produces tiro coherent spores which 
are likewise doubly heterorygons The genes are not hnked, but are close to the centre 
mere and segregation always occurs at meiosis I Dependme on the orientation of the 
spindle, either C or C' is produced The overlapping apinSes in II place two com 
pJemenfary genotypes together m every case 


from ctzltures of this ^?pe that the genus Zygosaccharomyces probably ongmated 
as s haplophase segregant of iS ceiwmoe Species of Zygosardtaromyces arc 
usually rough-colomed, one of the common cbaractenstics of haplophase segre- 
gants ) h Some freshly isolated cultures are mcapable of matmg mth any other 
gametes, and nearly ^ cultures, which are mamtamed by transfer, tend to 
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lose their fertihty as they grow older (Eoimd-ceUed Torulopstdeae probably 
ongmated m this way ) c Many single ascospore cultures produce diploid 
cells, but an extended analysis of pedigrees involving cultures derived from 
smgle ascospores revealed that the diplophases obtamed in this manner were 
usually imable to produce nable ascospores, while diplophase cultures denved 
from four-spored asci usually produced viable four-spored asci 

Conclusive proof of genetical control of matmg type specificity was obtamed 
by isolatmg the four smgle ascospore cultures from a smgle ascus and pairmg 
them m all combmations (46) This experiment was repeated many times with 
substantially the same results mdicated m fig 2 

This experiment cannot be earned out with every set of smgle ascospore cul- 
tures obtamed from a four-spored ascus because a smgle ascospore cultures 
are often stenle, h some cultures undergo lUegitunate copulations very shortly 
after the ascospore germmates and diploid cells predonunate m the denved cul- 
tures supplantmg the haplophase, c more rarely the denved haplophase copu- 
lates mth either a or a matmg types, makmg it diflScult to draw any conclusions 
from the data In almost any fresh haplophase culture from a smgle ascospore 
a few copulations may be observed, but when an active a and a matmg is made, 
sometimes over half of the cells are copulatmg and it is very easy to distmguish 
this class from matmgs m which less than 1 per cent of the cells are fused Some 
diplophase cultures are extraordmanly fertile while others are qmte infertile 
The L stram which we have studied extensively has very high fertihty 
The final proof of the genetical control of matmg type specificity was obtamed 
by matmg 58 haplophase cultures from the L stram and a vanety of other vigor- 
ous yeasts m all combmations (34) This experiment showed that a and a 
alleles were generally distnbuted throughout the species although they were 
often masked bj’’ stenhty factors The a segregants of the L culture were a 
source of a large number of mterstram hybnds smee they outcrossed rather 
easily with the a segregants of other strains The La segregants mated with 
the a segregants from other varieties almost as easily as they did with the La 
segregants It was even possible to outcross the La segregants with a cultures 
from a number of other strains which were apparently stenle For example, 
Ba and Ba cultures failed to copulate with each other while the La cultures 
easih mated with Ba cultures 

MccJiamsTTis Insuring Cross-Fertihzation 

There are a i anety of mechanisms m different plants and nnimnlg for insurmg 
cross-fertilization, but all of these differ somewhat from that found m yeasts, 
the siTnbols a/a are giien to this pair of alleles to mdicate their umqueness 
a ScU-stcnlity alleles ^lost hermaphroditic, flowenng plants are self-sterile 
due to a genetic mechanism vhich prevents pollen shed bj' the flower from 
grovvang down the stj les of the parent plant A mechanism that may be funda- 
montalK similar prevents the sperms of an mdivadual hermaphroditic sea 
squirt, Ctona, from fertihzmg eggs produced by the ovanes of the same mdi- 
vadual 
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^ animals and some plants sKcual dimonihism 

8™pJy operates to Luce 

the probabihty of mtersa^es or hermaphrodites occurrmg 
c Plus-Mtnus Factors This mechanism m Rhtzopus is not a seTual mechan- 
ism because no unmistakeable sex organs are mvolved and therefore it cannot 
be called a self-stenhty mechanism It is more precise to consider this aspeoal 
case in which a smgle pair of alleles controls copulation 
d Neurospora We formerly called the alleles m Neurospora plus-minus 
factors (38), but later work has shown that they resemble self-stenhty alleles 
more closely than the factors found m Rhtzopus Both plus and mmus ihdlh 
contam both male and female sex organs and self-fertilization is prevented 
However, smee the plus and minus ihallt are both haploid and the zygote is 
mvanably heterozygous for the same pair of plus-mmus alleles, this mechanism 
differs considerably from the standard self-stenhty mechanism found m flower- 
ing plants m which a senes of multiple alleles masts and a great vanety of 
heterozygotes abound 

e Eymenomycetes The hymenomycete mechanism resembles the plus- 
mmus Rhuopus mechanism rather closely smee no obvious sex organs exist in 
these forms It diflfers m that two loci are often mvolved and that a multiple 
senes of alleles at these loci may further compheate the picture 
/ Mating types The mechanism which assures cross-fertihzation m the 
smgle-celled diploid Paramecium resembles the plus-mmus mechanism found 
in fungi since no sex organs are present, but the heredity seems to be more 
complex The fact that the copulatmg cells are diploid is a still further differ- 
ence from the most closely comparable fungal mechanism 
Smee no sex organs are present m Saccharomyces, Sonnebom’s (67) and Jen- 
nmgs’ (23) term “mating type” has been applied in the case of yeasts 
I have used the letters a and a to distmguish the matmg type alleles because 
the heterozygous a/a zygote is much more ngorOus than either haploid parent, 
and it seems possible that these alleles may control the production of comple- 
mentary, essential substances In this respect they may differ from conven- 
tional alleles which are usually mdicated by large Roman letters 
type alleles serve the function of faohtatmg cross-fertihzation, for although 
illegitimate diploids occur by copulations between two o or two a haploph^c 
gametes, the a/a gametes are generaUy much more “ 

illegitimate or the haplophase cultures and thus outgrow the otter o 
After the reduction division has occurred, the four spores are ^ost ini y 
genetically different because of the extreme heterozygosis of the ongmal p 
fact tot Wo iffomit „c»poM or 

« aocosporos are ptoWally - 

recombmation zygote different from the ongmal diploid from whic 

Vheteroeysoo. We greo^ "fw to 

zygotes, smee the fonner produce viable some exceptional 

du^d by the latter are generally non-viable However, some P 
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homozygous diploids produce viable four-spored asci A culture of this type 
was descnbed by Wmge and Laustsen (82) m a study of a cytoplasmic effect 
of mbreedmg m a homozygous yeast It may have been their knowledge of 
the existence of a number of strains of this type that led them to the conclusion 
that matmg tjTie alleles did pot exist m Saccharomyces 

Cross-fertihzation has considerable survival value smce it insures the mcor- 
poration of a vanety of genes m each zygote and mak es possible the production 
of a number of new recombmations However, there are many organisms, such 
as the close-polhnated flowers, m which cross-fertihzation does not occur, and 
mbreedmg m this case does not appear to have yielded an mfenor type, although 
it may have made the genus somewhat less vanable and therefore less plastic or 
adaptable than cross-poUmated forms I have descnbed (37) copulation 
m a nucrococcus m which cross-fertihzation did not occur In this case the 
Z 3 ’'gote was mvanably homozygous smce it was formed by the fusion of two 
genetically identical gametes, which ongmated from the division of a sm^e 
haploid nucleus The fusion occurred withm the cell after cell diiosion, fol- 
lowed by the solution of the cross wall However, this tA^ie of copulation 
may give rise to vanation because it may provide an opportumty for chro- 
mosomal rearrangements to occur through some aberration of the mechanism 
Autogamous copulation may represent an early evolutionarj' tjTie of sexual 
mechanism resembhng the parthenogenesis or apogamy that occasional!}^ occurs 
m higher forms 

I prefer to define sex as Allen does, only m terms of true male and female sex 
organs When we use this defimtion, matmg type, self-stenhty alleles, and 
plus-mmus factors take on their true significance They are not essential to 
the sexual mechanism but are simply means of assurmg cross-fertihzation The 
fact that they may occur either m the absence of sex organs, as m the H}Tneno- 
mycetes, or may be superimposed on true male and female sex organs as m 
Neurospora, proie that they are demces distinct from the sexual mechanism 

'’m HTBRIDIZATION 

Winge and Laustsen (79) produced many hybnd yeasts They mated mdi- 
Audual ascospores by placmg them side by side with a mampulator and observed 
them untU fusion occurred 

Lmdegren and Lmdegren (46) developed a new techmque of hybndization 
hlatmgs were made simply by mixmg mass transfers of haplophase cells m a 
flmd medium m a test tube This method made it pmssible to study the geneti- 
cal characteristics of the two haplophase parents (m ascospore matmgs both 
parents are lost by the fusion which forms the diploid) The rmcromampula- 
tion was ehmmated, except for that m^olvmg the original separation of the 
ascospores 

The haplophase culture dei eloped from one spore can be used for an mdefin- 
itel} large number of matmgs This is particularly important smce only occa- 
sional ascospores show a high degree of compatibihty m matmgs Haplo- 
phase cultures of desirable strains can be preserved by 1} ophihzation In this 
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process yea^ cells ^ suspended m a protective colloid and the water removed 

sLZTh T w and irrL 

inVnPw^ir «“tnent medium they are capable of imtia^ 

fi t IB a helpful addition to the techmque because lyophil- 

1^ haplophase cultures retam their full copulative strength indefinitely 
Vegetative propagation of a haplophase culture is usually accompamed by 
mutations which reduce matmg strength and transform the ongmal type mto a 
sexually unpotent haploid 

The advantage of alternation of generations m S ceremtae was revealed by 
an axtensive study of the hybrids obtamed by makmg mixtures of mass trans- 
fers of haplophase cells Single diploid cells or smgle mdividual colomes se- 
lected after the zygotes had been produced revealed that a considerable vanety 
of definitely dififerent kmds of zygotes had been formed The hybrids were 
studied for growth rate or final density of growth m broth, but even with this 
simple classification five or six different lands of legates were easily distinguish- 
able following a single mating The haploid cells produce a vanety of mutants, 
and apparently matmgs between these mutated gametes resulted m a corre- 
spondmg vanety of zygotes (fig 7 ) I have already pomted out that mutants 
produced by contmued selection of cultures grown in the laboratory for a pro- 
longed penod (usually more than a year) are generally found to be stenie 
However, it appears that many of the mutations m the early stages do not preju- 
dice the capacity of the gametes for copulation Prolonged competition and 
selection probably result m loss of fertihty because the genes which insure fer- 
tdity do not have a high survival value m competition with other rapidly grow- 
mg mutants 

These facts mdicate that a moderately prolonged haplophase is a distmct 
advantage m Saccharomyces because it permits competition among the new 
mutants that anse m the haplophase, leadmg to selection of the most vigorous 
before copulations occur This mechanism may account for the fact that 
Saccharomyces is the most cosmopohtan species of yeast If the matmg tj-pe 
strength is great, as m Saccharomycodes, fusions occur in the nscus ivitiiout 
selection or competition between the gametes and the plasticity of the species 
18 limited, for m the diplophase (which constitutes almost the entire life cycle in 
Saccharomycodes) mutations are not so readily selected. It is the rclatndy 
weak matmg strength evidenced m Saccharomyces which makes an extension of 
the haplophase possible The greater vigor of the diplophase enables it to 
outgrow the residual haplophases The vanety of genes affecting mating 
strength results m the production of a large vanety of sterile baploids (which 
are ^tially “blmd alleys” m terms of the contmuity of the specif, an 
many of these haploids become stabdized m the form of the genus named To - 

tdopsis 

Selcdton and Hybridization Mutually Exdusiie 
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because of this -were relatively stable These vanant cultures vere probably 
produced by recombinations foUowmg spore formation and vere either legiti- 
mate or illegitimate diploids Vanants of this type might be picked up m a 
smgle selection However one can cany on a contmuous selection with the 
unstable haplophase cultures and get improvement at each step, if a sufficiently 
large population is tested, and if the desu^d character is not stabilized by the 



Fig 7 A diagram indicating how aemvgation followed by mutation in the haplophase 
can produce a vanety of gametes If the original diploid cell is homozygous for bcae and 
hotcrorj gous for apqr/aPQR, the four ascospores may have the compositions mdicated 
In a clone isolated from a single abcdcpqr ascospore (mating type a), a mutation of d to 
d' produces a mutant d' (abcd'epqr) and a mutation of c to c' produces mutant c' {abc'depqr) 
In a clone isolated from a single abcdcPQR ascospore (matmg type or), a mutation of 
h to b' produces an ab'cdePQR clone while a mutation of e to e' produces an abcde'PQR 
clone AYhcn cells from the two original culture tubes are mixed, nine new recombinations 
ma^ be produced 

gene complex present m the cell Such contmued selection generally mt olves 
so much mutation that the resultmg culture is stenie and mcapable of h}*- 
bndinng Intensue selection and hAbndization are, therefore, mutually 
exclusite procedures jNIatmgs can onlj* be made between haplophase cul- 
tures that hate been recently demed from smgle ascospore cultures Smee 
haploid a cast cultures become sterile vhen subcultured aagoroush , the test 
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Generation Time 

A sliort genCTation tune is an advantage in genetical studies The foUomnc 
scnedide reveals the minimum tune mtervals mvolved m yeast breedmg 


Day 

0 

1 

2 

3 

6 

6 


fnifam 

Isolation of ascoporea 
Transfer of haplopkasa colony to agar 
Mating of haplophase with tested strains 
Observation of positive matings and transfer to pre spomlation 
medium 

Transfer to gypsum 
Isolation of ascopores 


rv CtriiTGRAI, VARIABtUTT AND STABILnT 

Manji of the physiological and morphologica] characteristics of yeasts and 
bacteria are remarkably stable m the hands of experienced investigators Com 
parable quantitative results on fermentation, infectivity, rates of groivth, and a 
variety of other measurable characteristics are obtamed regularly Many of 
the workers who have had experiences of this type a:re inclined to nununize 
the importance or the frequency of vanation among nucroorganisnis On the 
other hand, investigators who are mterested primarily m variation encounter a 
surpnsmg lack of umfomuty m all the quantitative or quahtative characters 
which come under observation Differences m the results obtamed by investi- 
gators with different mterests probably result directly from the use of different 
techmques m mamtammg and transfemng cultures Any given clone, whether 
haploid or diploid, is generally qmte uniform m appearance and character, 
provided moss transplants are consistently used For example, the standard 
practice m handhng yeasts m mdustry is to grow the cultures m broth and make 
transfers by pipettmg most of the cells from an old broth tube to a fresh broth 
tube Unir these conditions, the predommant genotjTpe is mamtamed bj the 
transfer and the culture usually dupheates very closely the performance of the 
parent strain Even if a rather hi^ frequency of vanation occurs, the^ects 
of the vanant forms will be swamped out by the many bilhons of the predom- 
nant type of cell and will affect the quantitative resulfa only shghtlj In the 
same way, bactenologists accustomed to obtam dupheatmg re^ts m the studj 
of specific quantitative characteristics, use mass transplants of bactena Usu- 

ally a M loop ot cells B mnored fr™ a itot sire J-ed oa « 

moculated mto broth By contnist, Btudents of TanaUon streal eultnre plat» 
a. a large nurober of arngle eotac, “ 

S So cells Leafgatota ueng the latter 
uncover I great deal of vanation m any microorganism The amoun 
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tion IS multiplied m the case of yeasts -n-hen smgle ascospores are isolated fol- 
lowmg genetical segregation One ivho is convmced that yeasts are quite 
stable be amazed at the degree of vanation that results -^hen he simply 
takes an old culture ivhich has sporulated well, suspends the cells m water, 
heats the suspension to about 60 C for five or ten mmutes and then plates very 
hghtly on agar I beheve that these two differences m techmcal approach are 
the mam basis for a great deal of disagreement with regard to the amount of 
variation that is encountered m routme laboratory mampulataons by competent 
workers m nucrobiology 

The Effect of Volume Relations on the Vandbiltiy of the Haplophase 

Haplophase cells multiply m the medium to produce large numbers of geneti- 
cally and morphologically different forms Selection pressure is more effective 
m the haplophase of smgle-ceUed microorganisms than m any other biological 
form Free hvmg cells exist m a constantly changmg medium, and each new 
vanant is tested for its survival value m competition with its predecessors 
Smce the population existmg at any given time has been selected only with 
regard to its abihty to compete under previously existmg conditions, each new 
vanant has a chance to outgrow the earher forms In a hqmd medium con- 
taimng a small moculum, there is httle competition at the first stage of growth 
because the ‘hiological space” available to each cell is large and its by-products 
which function to limi t growth, are qmckly diluted. The available nutnents 
are also at a maximum Under these conditions, a vanety of forms accumu- 
lates, because there is opportumty for even the weakest to multiply Follow- 
mg the early “era of good feehng” there is a phase of mtense competition m 
which a few predommant tjTies emerge to grow rapidly and finall y come to a 
maximum This prei ailing type is particularly adapted to the substrate con- 
ditions durmg the loganthrmc phase, and it succeeds m overwhelmmg other 
tjqies by sheer v eight of numbers durmg the latter stages of the loganthmic 
phase Houeier, m the leiv' late stages of growth, the predommant form 
either is prevented from growmg further or begins to die off New conditions 
obtam iihich are especially adverse to the organisms predommatmg m the 
loganthmic phase because the pecuhar complex of by-products characteristic 
of the predommant form is at a maximum 
The mutation rate need not be unusuallj’’ high to produce many vanan ts under 
these conditions Each haplophase culture is a complex mixture of different 
morphological and biochemical tjqies, and the wide range of vanation makes it 
difficult to charactenze haplophase cultures precisely Haplophase cells gener- 
allj sporuhte sparsely and are less ngorous and less efficient m the utdization 
of carbolu drntes than the corresponding diplophase ^Morphological and bio- 
chemical studios lead to lanable results vhen performed mth haplophase cul- 
tures It IS possible, nei ertheless, to obtam an idea of “aierage” biochemical 
potentnhties of a haplophase if the culture is mamtamed by massne transfers 
11 Inch are made frequenth 
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to an ongm 


There are two phases in the adaptation of a haplophase culture 

cytoplasm The haplophase complex seems to have a more or less eqmhbnum 

SZiTnt’ ^ adaptation to gaStose of a 

haploid culture yield data showmg that an exposure of a few houre to several 

da^ tr^o^ different subcultures of one onguialJy pure single ascospore 
culture to a fennenting type of orgamam 

:b the diplophase (where mutations cannot express themselves), there is no 
«nft in population, provided sporulation is prevented, and adaptation occure 
by the mteraction of the carbohydrate with the cytoplasm Diplophase cul- 
tures, under these cncumstances, are either adaptable or non-adaptable, and the 
adaptation time can be detennmed to within a few minutes 

The vanabihty of the haplophase makes it the organism of choice for the 
selection of vanaats Haplophase yeaste are capable of a wide range of adapts- 
tion and speciahzation with regard to biochemical reactions, especially when 
freshly isolated from the ascospore However, after several months’ selection, 
some cultures have been obtamed with extremely specific, spparentl} stabilized 
colonial characteristics 

With organisms as vanable as the haplophase yeast, it is clear that single 
cell isolates will produce an enormous degree of vanabihty and that commercial 
production with yeasts of this type would be hazardous If, however, an ex- 
ceptionally desirable haplophase jmast is encountered, it is passible to use it in 
industry by growing the cells m a senes of receptacles of gradually mcreasmg 
size by consideration of the kmetics of competition In spite of this high degree 
of vanabihty, it is possible to utilize these haplophase cultures in industry by 
consideration of the relation of the volume of the available medium to the 
growth rate It is important to realize that the mutation rate is beyond the 
control of the operator, but even if it is not possible to reduce the mutation rate, 
it is possible to minimize the mitaal “era of good feeling” by reducing the i olumc 
of available nutnents so that the forces of competition are brought into play 
quickly This will mimmize the penod of relatively unrestrained multiph^- 
tion, m which large numbers of a weaker type of cell manage to gam a f(WthoW 
When a chosen mutant has been found to have some especiallj desirable char 
acter, a number of cells can first be grown m a single drop This entire drop 
can then be transferred while growth is m the loganthmic phase to a fe’v 
htere of medium, bnngmg the forces of competition mto play f ° f 

cycle The next transfer should be made by tra^emng ° 

Ze previous culture mto a quantity of jSL 

Te ^ly non-compefafave phase , and each succeeding Wer should be “ j 

senal transfers wiU not be req'ured’ but ^ maintained This process 

growth rate that the logant^c p of crowdmg is understood 

can be worked out empmcally once the mecnamsm cm 
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Y SPORES ANB SPORUEATION 

The production of spores by S ceretnstae is controlled both by the genetical 
composition of the culture and by the nutrient on which the culture has been 
grown previous to transfer to gypsum Yeasts of the proper genetical com- 
position grown on a special pre-sporulation medium and transferred to gypsum 
slants usually sporulate wi thin twenty-four hours The percentage of cells 
sporulatmg foUowmg growth on this medium is rather high, occasionally 90 
per cent of the cells form spores Relatively shght chan ges m the medium 
cause considerable differences m the percentages of spores produced The 
effect on spore production of growth on a medium contammg a large amount of 
natural nutrients as contrasted to the effects on spore production of growth on 
a synthetic medium or a poor nutnent medium, suggests that sporulataon is 
affected by a vanetj’’ of accessoiy substances, which are either necessary m 
large concentrations or may not yet have been identified Occasionally, di- 
ploid cells sporulate directly on a pre-sporulataon medium, but usually it is 
necessary to transfer them to gypsum slants to complete the process 

Sporulation m yeasts was probably first studied by de Seynes (10) who re- 
ported that round spores found “m the surface of the water” germmated to 
produce elongate cells m a mixture of wme and water, but that these elongate 
cells produced spores agam when transferred to a more dilute medium Rees 
(60) foimd that when yeast was planted on the cut surface of vanous vege- 
tables (cooked or raw) growth contmued until the fourth day, when buddmg 
stopped On the fifth day, the vacuoles m the cell disappeared and the proto- 
plasm became coarsely granular Spore formation occurred regularly on the 
sixth day Spores also appeared on the sixth day whenever fresh yeast from 
beer vats or wme must was transferred to the cut surface of carrot or potato 
Rees did not find spores m old lagermg vats or m compressed yeasts, but washed 
yeasts from these sources placed m a beaker m a layer approximately 4 mm 
thick and protected from dust sporulated abundantly m about three weeks 
Welten (75) challenged the ^^ew that starvation was essential to sporulation 
He found that on prune extract agar, yeasts sporulated well He even doubted 
the necessitj' for oxjgen, smce m his experiments, colomes imbedded m the 
agar sporulated as well as those on the surface He found that yeasts grown m 
pear extract or beer wort did not sporulate so well as those grown on prune 
extract agar But sporulation occurred when the washed yeast grown on prune 
extract was placed on glass plates, filter paper, or sterile washed agar slopes, if 
a drop of prune extract were added If no prune extract was added, no spores 
verc produced Welten ’s work proved that starvation alone is not the com- 
plete explanation of the phenomenon He showed that acidity of the medium 
in which sporulation occurred was important, no spores occurring m an alkalin e 
milieu Welten also found that more spores were produced m concentrated 
than in dilute prune extract, also that a small amount of ^ilgSOi aided sporula- 
tion "ioung cells were not essential, those three to four days old sporulated 
better than those one to two days old 

Mrak, PhafT and Douglas (5S) discovered that manv yeasts sporulated well 
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on slopes of an agar medium contammg 
beet, potato, and carrot) extracts 


a mixture of legetable (cucumber. 


A New Medium for Inducing Sporulahon 
GeneticaJ analj-as requires an abundance of large, viable four-snomd 
dium^^ Ijndegren (47) developed the foUowmg pre-sporulation mc- 


Beef (leaves) extract 
Beet (root) extract 
•tpncot juice 
Grape juice 
Yeast (dned) 

Glycerin 

Agar 

CaCO, 

Water to a final volume of 


10 ml 
20 ml 
35 ml 
16 Sml 
2 g 

2 Sml 

3 g 

1 g 
lOQ ml 


The mixture was steamed for ten minutes and tubed- The tubes were stenbzed 
at 15 pounds pressure for twenty minutes and slanted, hlost strains of }east 
will produce spores directly on the slants if allowed to grow for a few weeks 
However, if spores are needed sooner, transfer to gypsum is necessary 
Engel's (13) gypsum block method was replaced by the method of Graham 
and Hastmgs (15) A mixture of plaster of Pans and water (100 g of each), 
IS poured mto test tubes and solidified m a slantmg position These slants are 
dned at 50 C for twenty-four hours and autoclaved 
About 1 ml of sterilized water is poured over a three-day growth of yeast on 
the pre-sporulation medium and allowed to stand 10 imnutes, then a thick, sus- 
pension is made by stirrmg the yeast cells around m the supernatant fluid 
The 3 east suspension is taken up m a pipette and poured o\er the upper part 
of the g 3 ’psum slant About 3 ml of sterile water containing enough acetic 
acid to bnng the pH to 4 is pipetted mto the lower half of the gypsum slant 
The moculated gypsum slants are mcubated one to two days at 25 C 


Variations tn the Number oj Ascopores tn an Aseus 

Ideally, each ascus contains four ascospores, but this ideal is not mxana^ 
attained, m fact, one much more frequently encounters two- and tbrcespored 
asm than four-spored asm, while one^ipored asm abound m some cult^' and 
on rare occasions one finds asci with more than four spores Smce the reduction 
diviaon alwai's produces four basic nuclei, less than four spores in the ^cus o 
an ascomycete is generaUy mterpreted as the result of di^fe^bon “ nuc ei 
A two-spored ascus would presumably result from the dism egra 
nuclei and the incorporation of the remaining two into ascospores 
Sl7dimtegrate as a result of competition nothin the asi^^ tn cramp e of 
tlJ type was analyzed genetically by Lindegren (35) m \eurospora J^e^ 

tot rir.ble of P-ioo-S .ta -‘fP S 

produce almost e.xclusnely two-spored asm on potato aga , . gg 
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tivo eliminated haploid cells are capable of developmg only nrhen they are fed 
on a nch, natuial medium 

Some illegitimate cultures produce large numbers of viable one-spored asci, 
while m these cultures the spores from asci with more than one spore are non- 
Auable Asci from a culture of this tj^pe were analyzed bj”" Lmdegren and Lmde- 
gren (47) The one-spored asci were of special interest because they were 
found to genmnate directly to produce diploid cells The diploid cells were 
mdistmguishable from the ongmal culture, provmg that spore formation oc- 
curred without reduction Therefore, large, one-spored asci contain spores 
with a diploid nucleus that has not undergone reduction (possibly by monaster 
formation) , a diploid nucleus is simply enclosed m a spore wall The general 
low viabihty of the haploid spores from two-spored asa ongmatmg from 
homozj’^gous diploid cells may result from the aberrations of the reduction di 
iTSion m homozygous diploids, suggestmg the possibdity that homozygosis i5 
usually prejudicial to a regular meiosis 

Cytoplasmtc Degeneration in Homozygous Strains 

Winge and Laustsen (82) studied a stram of homozygous S cerevisiae which 
produced nable four-spored asci Diploid cells were produced either by fusion 
of two of the gametes after multiphcation of the haplophases, or by a fusion of 
the first cell budded from the ascospore with the ongmal ascospore Diploid 
forms produced by the fusion of two cells were able to perpetuate the homozj'-g- 
ous race and produced asci cont ainin g four haploid, viable ascospores An 
alternative mechanism for producmg the diploid cells mvolved the ’direct ger- 
mmation of a diploid (zj’^gote) cell from a haploid ascospore (an ascospore from 
a four-spored ascus) The latter case was mterpreted as follows a nuclear 
diAusion occurred within the ascospore m the absence of a diAusion of the cjdo- 
plasm, this resulted m the production of a diploid nucleus earned m a cj’toplasm 
whose constituents (which apparently diAude normally at each cell diAusion) 
had not been able to reproduce themsehes (fig 8) The resultant deficiency’’ 
w as mdicated bj the fact that the ascospores of these diploid cells were of low 
Auabihty In contrast the ascospores of the homozygous stram from which 
they' had been denved were highly Auable This constitutes proof of a mechan- 
ism of cydoplasmic inhentance m which a set of plastogenes divide regularly at 
each nuclear diiasion If this diiision were irregular, one would anticipate the 
damage which the cell had suffered could be repaired m time 
We haie eMdence supportmg Winge and Laustsen ’s work We ha\e ob- 
sened that haploid ascospores (spores isolated from four-spored asci) which 
gemnnate directly^ as diploid cells, usually produce only a small colony' which 
soon ceases to grow and apparently dies smee transfers from the colony do not 
dc\ clop 


■VI SPECIATION IN YEASTS 

It has often been pomted out that there is no satisfactory defimtion of a 
species Tins applies ei en more specifically in y easts and fungi than m higher 



134 


aSL C LINDEGREN 


forms Winge and Lausteen, and gatava, have suggested that a 

fom " ^Thlnird^ four viabJe ascospores and is therefore a perjed 

t^vTstrvSh^ i ft relatively weak copula 

tive stre^ and the mating type aUeles are modified by a number of stenlity 

genes This re^ts m an mrfraordinanly plastic species Segregation of the 
genes at spore formation produces a vanety of haploid genotypes which com 
pete among themselves by vegetative reproduction previous to copulation 
Mutations can occur m the gametes produced from the ascospores dunng the 
penod of vegetative reproduction before copulation, and selection acts to ehmi- 




Fio 8 A diagram copied from Winge and Laustsen (82) giving a hypothetical e-xplana 
tion suggesting how a diploid cell produced by the fusion of two homozygous gametes, 
after the cell division has permitted ohondnosomes to divide (upper row), may differ 
from a diploid cell produced by the fusion of two nuclei which have been produced by a 
mechanism in which nuclear envision has occurred but ohondnosonml division has been 
suppressed 


nate the less vigorous or the poorly adapted gametes This mcreases the vanety 
of forms which become adapted to specific environmental niches The weak 
copulative strength delays copulation until the vanety of gametes has been 
multiphed by segregation and mutation The mating type alleles insure cross- 
fertihzation and the production of hetero^gous diploids Copulations occm 
between the predommant forms in greatest abundance enabling the best adapted 
to take over the bvmg space m which they ongmated At the same time, 
copulations between less well adapted forms, which may be able to actove 
en^ence subsequently m another environment, are not completely 
TeTdes legitmate diploids other clearly differentiate forms nmy ^e 

prodTc JbrthemechaLm o If the mating type aUeles become linked to a 

gSlpS containmg one lethal and one normal allele, seleotion will mci^ the 
gene-p^ a balanced heterozygote, heteroTygous for both 
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also will arise from Saccharomyces by segregation of a haplopbase incapable of 
copulation, but otherwise well adapted, resultmg m forms hke Torulopsis 
c In addition, segregation of genes for high fertdity, readdy capable of pro- 
ducmg illegitimate zygotes, and able to sporulate easily, will lead to the develop- 
ment of Zygosaccharomyces as an offshoot from the mam genus Saccharomyces 
In fact Winge and Laustsen were able to produce an mtergenenc hybnd between 
Saccharomyces and Zygosaccharomyces, mdicatmg that these genera are closely 
related The eindence at present available disproves Gudhermond’s conten- 
tion that these genera are distantly related It is notable that the Zygosac- 
charomyces abound m media of high sugar concentrations, to which thej'" seem 
evtraordmard}’’ well adapted, whde Torulopsis is adapted to ddute, weU- 
aerated media Both of these genera are weaker fermentative vanants of the 
ongmal activelj’’ fermentative Saccharomyces 

Schizosaccharomyces is easd}”" differentiated from Saccharomyces and falls 
mto an entirely different category Its spores stam blue with lodme, whde 
those of Saccharomyces stam yellow Its cells divide by a regular bmary trans- 
verse fission which is distmct from the umque mechanism of buddmg characteris- 
tic of Saccharomyces The cultures of Schizosaccharomyces available m our 
laboratory are homothalhc and homozygous, i e , haploid cells are first produced 
m profusion, those ansmg from a smgle ascospore fuse to produce a diploid 
from which four- or eight-spored asci are readdy obtamed There is no evi- 
dence for the existence of matmg tjiie alleles All smgle ascospore cultures 
produce an abundance of asci cont ainin g viable ascospores This seems to be 
somewhat at lanance with the j easts ongmaUy descnbed by Beijennck (3, 4) 
He obtamed many non-sporulatmg cultures, a fact suggestmg that some sta- 
bihzed haplophases may also stem from Schizosaccharomyces In maint ainin g 
Schizosaccharomyces m the laboratorj’’, the selection of sporulatmg forms would 
naturally occur, because this is the criterion of the species and concentration on 
this character may haie residted m the isolation and perfection of a homo- 
thalhc stram 


The Phylogenclical Significance of Biochemical Cntena 

Morphological characters are probably preferable to biochemical or fermenta- 
tue characters m tracmg phjlogemes because many of the haplophase segre- 
grants from powerfully fermentmg strains are smgularly weak m fermentative 
abihty as vas shown by Lmdegren, Spiegelman and Lmdegren (51) The 
diplophase 5 ccrcvisiac can ferment glucose, leimlose, mannose, galactose, su- 
crose, and maltose, while man}' haplophases ongmatmg from this species haie 
been obtained nhich had lost the abdit}' to ferment one or more of these sugars, 
although the} were generally able to oxidize them Some of these segregants 
V ore unable to ferment ei en glucose although the} could utihze it by oxidation 
Tlie loss of ablht^ to ferment is a \eiy common character resultmg from either 
segregation or mutation 

Saccha-omyccs fragihs is differentiated from 5 ccrcvisiae b} the fact that the 
former ferments lactose but not maltose, whde the reverse is true with S cere- 
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haplophase The species of S fragtbs which we have studied have hdney- 

ongmated from single asco- 

spoTC cultures from some perfect Saccharomyces developmg m milk. Mutation 
at the maltose locus to a gene capable of imtiatmg the fermentation of lactose 
could make it possible for the culture to multiply and predominate m milk 
Mi Illegitimate copulation between the haplophase m the milk might have re- 
sulted m the diplophase of S fragilts Zygosaccharomyces ladts probably arose 
in a similar manner, except that in this case a highly copulative haplophase 
occupies the predominant portion of the life cycle 

Vn CYTOLOGT 

The yeast cell contains more identifiable organelles than many other plant 
cells, but there has been httle agreement on the question of which of these or- 
ganelles correspond to the conventional chromosomes and nuclei of higher 
plants The obsenmtions of Henneberg (22) and Wager and Peniston (74) 
are, m my opmion, the most complete, and my own observations follow these 
authonties closely Wager and Peniston's mterpretation was limited by con- 
temporary concepts of cell structure, but their drawings reveal an organization 
easily understandable in terms of modem concepts of the nucleus They show 
that the yeast nucleus has a stmcture eunilar to that described by Harper (21) 
for the ascomycete, jPhyllactima Attached to one side of the nuclear vacuole 
IS a smaller body which is not ordinarily visible in the hving cell This struc- 
ture IB XTSible m lodme-potassium iodide preparations (fig 9) and corresponds 
to the centnole in Phyllactima The nuclei of many fungi, especially the 
hymenomycetes, have a notably eccentnc appearance due to the fact that the 
centnole, a large body mth a strong affimty for hematoxyhn, is attached to the 
apparently empty nuclear vacuole Wager and Peniston descnbed the chromo- 
somes polarized to the centnole, exactly as they are m the higher ascomycetes 
Guilhermond (16, 17, 18) probably mistook the centnole for the nucleus became 
it divides at each mitosis, shows internal structure, and retains hemato^ 
rather firmly However, this body is much too dense to be a me 

nucleus is mvanably a structure containmg a dilute nuclear sap si^unded oy 
membrane The chromosomes are suspended in the 
stains poorly or not at all. m contrast to the cytoplasm 
heavily The body attached to the nuclear vacuole m ^ 

dZe^eally staiLg body, thus excluding the possibihty that it is the nu- 

‘^"i^lutm, or meta^omatm W?e,Kd ^fd^^ S 

stance which stained dense blue with m y ^ general agreement on the 




138 


CAHL C LINDEGREN 


c3i;opl^ which stained red iiith methylene blue, volutin, and disagreed sharph 
mth Gmlhennond on the distribution of volutm and chromatm m the yeast 
cell Henneberg seems to have followed Meyer’s techmque closely and states 
that volutm is found mside the vacuole He pomts out that volutm bodies 
inside the vacuole appear m a vanety of forms Sometimes they appear as 
long, slender threads, sometimes they are short, stocky, almost cylmdncal 
bodies, sometimes they appear as sl\ to twelve slender threads radiatmg from 
the centnole, and sometimes they exist as a rather large number (fortj’’ to fifty) 
of discrete dots He did not consider them to be chromosomes, as a matter of 
fact, he agreed with Guilliermond m considermg the centnole to be the nucleus 
Wager and Peniston also found what they called “chromatm” m the vacuole 
m the form of about fifty”^ small, discrete bodies 
Badian (2) developed an exceedmgly effective stam for bactena and fungi 
He killed the cells TOth osmic vapors, stained mth methylene blue, and 
destamed mth eosm He studied mitosis and meiosis m S cerevtsiac, and 
stated that the cells contained two chromosomes which dinded by longitudinal 
sphttmg Hovever, his figures show that the so-called chromosomes always 
pull apart finally by thinning out at the middle and the final separation is bj' a 
crude, transverse fission Furthermore, he stated that the haploid chromo- 
somes fuse end to end to form the diplophase, rather than associating to form a 
pair of chromosomes accordmg to the usual method If his conception is cor- 
rect, the number of chromosomes m haplophase and m diplophase would bo 
the same 


Volutm Chromosomes 

The structure vhich I have called the centnole contains tvo rod-shaped 
bodies uhich stam veil mth aceto-orcem and divide by a crude transverse 
fission (fig 10) They are the only bodies m the cell which take aceto-orcem 
and they are the bodies descnbed by Badian as the chromosomes Badian 
stated that these structures took the Feulgen stam and this has been confirmed 
(Nagel and Carson, unpublished personal communication) Badian shoved 
that these structures fuse end to end at copulation Harper proved that fusion 
of the nuclei m Phyllactmia is mitiated by fusion of the centnoles, although 
Harper’s techmques did not reved any mtemal structure m the Phjllaetinia 
centnole It seems probable that the rod-shaped bodies which Badian ob- 
seived m fusion are components of the centnole, rather than chromosomes 
If the fusion of the nuclei m yeasts were mitiated by end to end fusion of the 
centnolar bodies, the anomaly descnbed by Badian m which a diploid chromo- 
■ some IS supposedly produced by the end to end fusion of two haploid chromo- 
somes would be obviated However, this vould mean that m yeasts the 
centnolar bodies are Feulgen-positive and stam mth both aceto orcein and 
aceto-camune while the chromosomes are Feulgen-negative, and do not stam 
iwth either aceto-orcem or aceto-caraune, but give a positne test for loiutin 
It may be difficult to accept the nev that the conAentional chromatin in 
yeasts is present m the centnole rather than m the chromosomes, vh.le the 
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chromosomes are composed of \olutm or metachromatm Ho'we\er, Henne- 
berg’s descnption of the stages through which the lolutm passes mside the 
lacuole corresponds rather well inth the stages through nhich chromosomes 
noimalh pass, and Wager and Peniston’s careful descnption of the threadlike 



Tir 10 Photopnphs of preparations stained with aceto orcein showing that two cen- 
triolar Iiodies are present in each cell, that thca are not in the \acuole, and that the> di- 
M<lc h\ inilling apart during the process of budding 


^tnuture.- t irrvnng chromomcrcs polanzccl to the centnole corresponds prect'ch 
with the modoni concept of chromosome^ and chromomcrcs 

m i\ conclude that the nuclcu*; in leasts is a compound stnicture con- 
t iimnp the deiiK' hcmisphcncil centnole intimatch attached to the nuclear 
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vacuole The vacuole is usually flattened on one side and othennse is almost 

a perfect spheie The flattened side of the nucleus is the area of attachment 
to the centnole 

■\^Tien standard cjdological techniques are applied to 3 masts, a great deal of 
shnnkage and distortion of the jmast cell occurs, often accompamed by the 
disappeaianee of the vacuole It is only rarely that the vacuole remains in- 
tact Mhen the cell is stained with aceto-orcem An effective technique for ob- 
semng yeasts is to suspend the cells in water and allow water-soluble stains to 
diffuse slow ly between the shde and cover slip The cells are observed as thej 
take up the dye and before they become completely overstamed This pro- 
cedure does not mvolve so much shnnkage of the cell, which is an especially 
important consideration when one deals with small cells I hai'e used this 
techmque with 0 01 pei cent methylene blue At the edge of the shde or on 
the boidei of a bubble, the chromosomes in hung cells take on a deep blue 
color and appear as small, irregular, paired bodies usually free and in rapid 
Browman movement The important addition which this observation makes 
to those of the earhei workeis is that these bodies in the vacuole are paired 
This 18 an important common characteristic of chromosomes Meth 3 dene 
blue stain of the hnng chromosomes is evanescent, depending apparentl 3 ' on 
the oxidation potential within the cell Shortl 3 ' after they take up stain the 
chromosomes disappear presumably because the oxidized dye is reduced to the 
leuco base This indicates that methylene blue passes through the reduced 
C3dioplasm as the leuco-base and becomes oxidized on contact with the surface 
of the chromosomes The chromosomes tend to boll up mto small, tightty- 
w'ound bodies that cease their Browman movement and attach themselves to 
the inner face of the nuclear membrane I have observed the long threads 
retract tow ard a single pomt of attachment at the side of the nuclear i acuoie 
The phenomenon has somewhat the appearance of a dehquescent ci^stal 
Eventually, one finds from one to six large, lenticulai blue-black masses op- 
pressed to the mside of the nuclear vacuole Since the chromosomes are paired 
this represents the haploid number In old methylene blue or aniline blue 
lacto-phenol prepaiations, the cells contain from one to sl\ clearly defined, 
blue bodies inside the nuclear vacuole produced by the attachment of the 
chromosomes to the wall of the vacuole These facts indicate that the dancing 
body, frequentB'^ described in the vacuole of the yeast cell, is composed of iialled- 
up chromosomes In lodine-potassium iodide preparations, single spliencal 
masses occur in the vacuole of almost ever 3 ’^ cell (fig 9) Under the mfluence 
of Bus fixative the chromosomes seem alwa 3 S to round up into a single dancing 
body lodme-potassiiun iodide has the advantage of re\eahng the centnole 
with great clanty although it does not show the internal centnolar bodies 

Tohudme blue used as a vital stain is the best stam that I ha\e found for the 
chromosomes (figs 11 and 12) It does not seem to cause the chromosome.s to 
“ball up” nearly so frequently as is the case with the other d 3 es ^ is no 
evanescent hke meth 3 dene blue Usuallj about six bodies are obsericd m 
each vacuole In especially good preparations of diploids each of the slx o 
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can be seen to be composed of a pan of chromosomes In the germmatmg 
ascospore theie are si\ single chromosomes I ha^e concluded that theie are 



1 ir 11 C plK '-time’ll with toluulinc blue showing the chroniosoincs in the ^ icuolc 
The two im turns m the upper row ire two different optical le\els of cells containing si\ 
1 irgo loo--ch contriitiil hodies inside the \acuole which stain with toluidine blue It is 
not po'.viblc in this prepirition to determine whether the bodies are paired Tlie pictures 
111 the bottom row show i cell cont lining si\ pairs of liighh contrictcd chromosomes (onh 
four iiul a half pur' ire in focus) The right hand picture shows three pairs which can be 
ill irl\ diffi n nti itcd and the left hind picture at a lower focus shows onh single members 
of I ich of till sc three pur' of chroinosonies 

twihi 'oiiiitu ilh imred rculixcn-ncgituc chromo'omes m tlie diploid celb 
of '' r<r<tisini mil tint the Injiloid number is si\ 
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Movement of the Chronlosomes in the Living Cell 

Wien a small drop of amlme blue in lacto-phenol is placed near the edge of a 
^et mount and allied to diffuse between the shde and the cover shp, one can 
obsene long, slender, dehcately beaded, threadhke strands, ^brating m the 
nucleoplasm of some vacuoles Tliese structures do not take the dye but seem 
merely to change their refractive mdev (possibly due to action of the acid or 
the phenol), so that they become observable Sometnnes one larger, thicker 
^rand, possibly produced by the coalescence of several strands, may be seen 
Even the slender strands seem to be relatively ngid, bendmg something hke a 
very slender, but rather long, thm steel wire The chromosomes in this con- 
dition are only visible momentanly and soon disappear, but they resemble 
Wager and Peniston’s figures closelj"^ enough to constitute confirmation of their 
observations 
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Pig 12 The central structure is a gemunating four spored ascus One ascospore is m 
sharp focus and the wall of the spore can be seen enelosing the cell which consists of cj to 
plasm, crowded at one end, and the growing nuclear vacuole Siv haploid chromosomes 
can be seen in the vacuole Parts of two other sporeSj one below and one to the lower left 
are visible, the fourth is not visible in the optical section The stain is toluidine blue 


These observations mdicate that the chromosomes m the hnng cell nbrate 
in the nuclear sap After one has obsertmd the phenomenon in cells m which 
the refractive mde\ of the chromosomes makes them losible, suggestions of the 
movement are nsible m other yeasts such as Tonilopsis vltbs, Saccharomycodcs 
htdwigit, and Schizosaccharomyces octosporiis The motion ma} be nsible in 
unstain^ matenal and may continue after floodmg ivith Lugol's iodine solution 
which stains the glycogen brown and often brmgs the chromosomes mto higher 
rehef The vibration of the chromosomes should greatly facihtate the e\change 
of matenals between the nuclear sap and the cytoplasm 


vrir BUDDING 

The ahihtv of I'east cells to reproduce by buddmg has distmguished them from 
other fungi as weU as from other organisms and the obsenations presented here 
show that the mechanism is quite unique The nuclear lacuole J jj 

slender tube ivhich forms and enters a small protuberance on the 
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wall (fig 13 ) The bud and an enlargement at the end of the vacuolar tube 
(the bud-^ acuole) grow sunultaneousl}’’ 

When a cell buds both the nuclear \ acuole and the centnole diiude The 
fiist step IS the formation of the long, slender tube leading from the vacuole 
to the penpherj^ of the cell This phenomenon can be obser\'ed only m cells 
contammg enough glj cogen so that the lodme stam delimits the vacuole and 
its tube as a clear space m the surroundmg reddish brown endoplasm Obser- 
vation IS facihtated bj’ the use of a Wratten 45 filter which converts the reddish 
blown color of the cjdoplasm to blue-black and reduces the chromatic aberra- 
tion of the lens sj’stem The canal from the \ acuole maj' ongmate any place 
on the surface of the i acuole, but usuallj' appears at a pomt near the attach- 
ment of the ^ acuole and the centnole The bud is alwa} s produced near the 
centnole and when the canal emerges at the opposite side of the vacuole, the 
long, slender channel extends aU the way from the most distant part of the cell 
through the cjdoplasm and finallj' produces the bud near the centnole A 
bulb is produced at the end of this canal to form the bud-a acuole Occasionally, 
the openmg between bud and mother cell is too small to permit the contents of 



Fig 13 The Process of Be doing in Ye\sts Disccssed in the Text 


the mother-1 acuole to enter the bud-\ acuole and the canal is distended at this 
point like the oesophagus of an ostneh swallowmg an orange Dunng this 
penod the centnole is a hemisphencal, sohd, umneldmg structure that is not 
defoimcd In moicments of bodies near it After the bud-i acuole is formed, 
the centnole dindes Sometimes m the Lugol’s solution, it is seen as two 
bodies, each of 11111011 dindes bi stretching out and thinning out at the center 
Vfter the chnsion of the centnole is completed and the establishment of con- 
t ict of liud-1 acuole and bud-centnole has been attained, the interconnecting 
canal betneen the mother- and the bud-i acuole disappears 

Vs soon as the bud approaches the size of the parent cell, the nuclear ap- 
jiiratiis 111 the bud- ind the mother-cell reonents itself so that the centnole in 
t uh cell is chstal to the bud partition 

IX STRLCTURE OF THF COLON*! 

Kiioii ledge of life cicles and i inatioia- in bactena his deielopcnl almost e\- 
(lusnoh from the ^tudi of isol ited iiidmdual cell-, uathout considerition of 
tlu sinictiiPil organization of the coloni Legroux and Magrou ( 27 ) stuched 
the stnictiirc of colonics of 1 tbno cholcrac and of a number of other bactena 
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They chsco^e^ed that rod-shaped ranants of Vibno appear m perpendicularly 
arranged packets on the extenor of the colonies, held together by a transparent 
substance apparently exuded from the cells Thej assumed that this substance 
gar e the rough colonies their ngichty The rod-shaped organisms in the outer 
Jaj'er of the colony Mere made up of a central region and an extenoi The cen- 
tral legion undenient dinsion mto two or four roimded particles, often of un- 
equal size This phenomenon nas found in Vibno, m the tjqihoid baciUus, in 
the diphthena bacillus, and m the tubercle bacillus 
Pisova (59) found that, uhen a 3 'east colony grows on agar, a pseudo mj^ehal 
growth of long fibrous cells penetrates the agar, especially at a high sugar con- 
centration After a few days or weeks, the surface cells begin to autobze, 
continuing until an outer laj^ei of auto^'zed cells is formed Lmdegren and 
Hamilton (41) repeated Pisova’s work After 5 'cast colonies had been grown 
on malt-j'east agar, portions of the agar, contauung colomes, were cut out and 
dropped into Flemmmg’s solution The matenal was imbedded in paraffin 
Sections were made and stained with a vanety of dj'es Direct smears were 
also made by cutting the fresh colony m half vertically with a razor and pressing 
the exposed section gently against the shde 
In a section of the yeast colony, the outer layei of autolyzed cells stains ion’ 
lightly, and the inner central mass of vegetatiye cells with their dense proto 
plasts is much darker A pseudo-mj'cehum of veast cells penetrates the agar 
and 18 thickest and deepest at the edges of the colonjq apparentlj where oxygen 
IS most abundant The thin penpheral film of cells at the edge of the colon} 
spreads over the surface of the agar At the points of ongin of penetration of 
the agar the growth of cells is verj' abundant This may be due to the channel- 
ing of the substrate nutnent mto these regions along the cracks rrade b} the 
pseudo-mycehum The central yegetatiwe cells are extremely small, indicating 
that cell division continued after the nutnents became less readily axailable 
and competition resulted in a decrease in cell size A few cells in the outer 
autolyzed layer produce asci Autolysis apparently occurs early m the history 
of the colony, at least before competition reduces cell size The autolyzed 
layer contams the only asci found, suggesting that autoh-sis supplies essential 
nutnents on which sponilation depends 

In some of the contact smears the autolyzed cells were not so shrunken as 
those obtamed by the paraffin method The walls seemed relatneh intact, 
but there were no stainable cell contents The “ghost” cells were larger than 
the densely stamed cells in the vegetatiye section of the colon} Tlicse auto 
Ivzed cells, which apparently serwe as sources of nutnents [or the sporogenous 
cells, haye a parallel m the paraphyses found in p 5 Tenom} cetes anddiscomx cctes 
which also act as nurse cells In some regions of the autohzed Ia 3 er,sma 
clustere of round, apparently haploid, cells were found, suggesting that some 
spTiS^ay germmate in the layer If copulations occur this could he a source 

of recombmations producing new genotj-pes j nf 

The stnkmg parallehsm between the stracture of }east colonies and those o 
S.o™ bv teg-oux »<! Magrou, suggests th.t the Me-ocles n», 1« 
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Similar^ parallel Yeasts possess a nuclear mechanism, and the vegetatne 
cells undergo meiosis and sporulation m the outer la}.ei of the colom' In 
bactenal colonies a similar dirision of the cell contents into two or four bodies 
occui's m the coriespondmg larei The analogy suggests strongly that the 
granulation of the bactenal cell is the lesult of a i eduction dinsion smulai to 
that known to occui m r easts The bactenal cells m the outer larer of the 
colonies ma}* be homologous to the ascospores of yeasts 

Harper (21) pomted out that the ascomycetes are differentiated from all 
other Imng orgamsms by the capacity for “free cell” formation This is a 
unique trpe of spore fonnation m which the spore is cut out of the cjdoplasm 
bj the astial rajs ongmating from the centnole Usuallj' four or eight spores 
are produced m a smgle ascus with the production of a certam amount of residual 
cjdoplasm called the epiplasm In aU other trqies of ceU formation, cells are 
usuallj cut out of a sjmcj'tiuni bj clea\ age without residual cjdoplasm In the 
Bacillaceae, the spores are formed as fiee cells and an epiplasm is produced 
Since this charactenstic distingiushes the ascomj cetes from aU other hiing 
forms, this fact automaticallj’^ mcludes the Bacillaceae m the ascomvcetes 
The Coccaceae, how e\ er, are dist net from the BaciUaceae for I have shown 
that m Micrococcus ochraccus (37) the autogamous copulation i': followed bj' a 
reduction dnision m which the spore mother cell produces the tetrad bj cleai- 
ige, rather than hi free cell formation In this form the cliromosomes were 
demonstrated as stnngs of chromomeres (gene-stnngs) which sjnapsed chromo- 
mere to ehromomere and finallj undeiwent reduction after forming a tj^pical 
reticulate nucleus 


X DORM Cl 

Diploid cells which ha\c been grown on pre-'^porulation agar for a week or 
more (but ha\e not let spomlated) become filled with stored fat and carbohj- 
drate and, as a result of these resene accumulations, become dormant Ylien 
tested 111 a Y arburg apparatus, thej are unable to gne off CO 2 or consume O 2 
Vcccssori substances mai be iniohed m the mduction of dormancj Dor- 
manc\ can onb be broken bi presenting the cells with a nutnent contammg 
sufficient Mtamins, carbolic drate, and a nitrogen source to insure continued 
giowth ^cgctltl^c cells which haic giowai on rich natural substrates, such as 
npeiicd fniits, fill wath reserces and are probable dormant Thee maj ger- 
niin itc from domiancc be a simple \egetatue procedure, or the diploid dormant 
celK m n ^ponil itc when placed on gj'pmm In the latter case, conchtions are 
uufworible for continued ccgotatice growth just as thee would be in a sandj 
soil These ob^erc itions sugge-t that the cegctaticc cells grown on npe fruit 
heiome louled wath rc'cnes and turn dormant If the\ fall on another fniit 
or into \ nch svig\r\ nutnent, thee germinate and grow ccgctatncb Vt the 
(lui of the season when the fniits hnilK fill on the soil, sponilation occur- and 
the s|>i)re- gcnmnite the followang -pnni: 

It h 1 - long bc'en knowai th it c e i>t- -tore both f its \nd carbolic drates and the 
imiuip d loiuhtum- controlling the -torige of the-c resorce matenaLs hace been 
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airly ell w orked out It u as not known, however, that cells containing abun- 
dant accumulations of resen^e materials are m a state of dormancy, they are 
unable to take up Oj, to give off CO2, or to bud, eithei in a phosphate buffer 
solution 01 in a buffei -glucose solution in the Waiburg apparatus, but they 
begin to glow when they are brought into a complete nutnent mechuni The 
mechamsm has a high sunuval value, smce it prevents cells fiom "wasting” 
their reserves, smce giowth can only begin undei conditions m whicli continued 
or considerable growth is possible 

Meissner (56) studied the appearance and disappeaiance of glycogen in the 
yeast cell and showed that cells 611ed with glycogen produce more than the 
theoi-etical amount of CO2 in fermentmg a sugar substrate He also found that 
glycogen accumulates m the cell and attains a maximum at the end of the 
principal fermentation when it begms to disappear fiom the cell, eien before 
all the sugai is consumed He designated glycogen as a temporaiy lesone 
used by the cell through an endogenous diastatic enzjmie He pomted out that 
the deposition of an insoluble carbohydrate mside a senu-permeable membrane 
enables the cell to take in soluble carbohydrate continuously bj’^ osmosis 

Wager and Pemston (74) studied the same question with cidological tech- 
niques They found that glycogen was deposited m the cell m the form of 
small granules which coalesced to form a sohd mass of glycogen almost com- 
pletely filling the cell 

McAnally and Smedley-Maclean (53, 54, 55) and Smedley-Maclean and 
Hoffert (63, 64) showed that both carbohydrates and fats accumulated in the 
cell as a result of contmued feedmg with sugars They found that phosphates 
increased the deposition of both reserves and that maltose seemed to increase 
the carbohydrate reserve In addition, they pomted out that an excess of 


oxj'gen favored storage of fat 

Henneberg (22) also pomted out that the presence of phosphates favored the 
deposition of glycogen, while chlondes seemed to mhibit its deposition He 
found that the maxunal protein content of the cell was 67 per cent hut that 
yeasts contammg stored reserves might contain only 22 per cent protein He 
stated that the amount of protein m a cell stands m inverse relation to the 
amount of glycogen (and presumably fat) He pointed out that the 3 oast 
cells collected directly from fruits are generally nch m gh cogen and furthermore 
that yeasts kept m moist condition on filter paper hve longer if they contain 
large amounts of glycogen Some apiculate and lactose fermenting 3 easts 


were unable to store glycogen i„„ 

Lmdegren (39) observed that the vegetatne buddmg 3 east cell, in the og- 
anthmic growdh phase (fig 14a), which contains a vei^^ large centralb located 
vacuole imd stains a hght golden yeUow inth lodmc, contains a few tin 3 fat 

r’r Js^pw :3. 

rindanrof sugar, M globules appear and mcrease in sire 




Fic 1-4 a Budding \egetati\e j east cells at the logarithmic stage of growth showing a 
'•ingle \acuole charactenstic of this condition 

l> Budding \cast cell in tlie lag phase showing the apparentU multiple \acuoIe resulting 
from d( formation'; of the single ncuole b\ interference of reserve material 

r Dorm lilt vegetative veist cells loaded with fat and glj cogen, gromi on pre sponila- 
tioii ig ir the dirk color is glvcogen stained with iodine 

d to niun iting dormant cells from pre sporulation agar, showing the v icuole breaking 
through the rnclo'-ing net work of fat and glvcogen 

I t V ll-- io idi d vv ith fat bv growth in aerated ^ugar Solution 
f (ill of the tv IK -how n in c germinating 

(j (ill grow n 111 -ugar under conditions of reduced o\v gen tension loaded with glvcogen 
1 few f vt globule- "-urrounding vacuole ’ 

?i Oil of the tv IK -hown in n <;taincd with iodine, revealing the deformatton of the va- 
cuole bv the n-irvi materials 
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Gramdar Glycogen 

The granular carboh 3 ^drate resene m j easts stains dark reddish broin, mtli 
Lugol’s lodine-potassium iodide solution In raanv cells one can obser\c 
t^\enty or moie small isolated granules Occasionallj , these granules arc 
linked bv connecting bands Hundreds of small glj cogen granules can be seen 
occasionallj" in some cells in addition to fifteen or tnentj larger ones Tliese 
obsenations suggest that, in most of the cells containing a solid mass of dark- 
staining glycogen, the distribution is similailj" non-homogeneous mth the 
basic granular stnicture obscured hy oierstaimng 

Unstained cells containmg glycogen can be recognized by the high refractue 
inde\ of the cjdoplasm (fig Hg) The nuclear \acuole in a gh cogen-contain- 
ing cell IS often concealed bi the glycogen The nsible i acuoles often ap/icar 
to be multiple, but cntical obseriation shons that the small i acuoles are all 
interconnected with each other by fine canals and are mereh separate com- 
partments of one major i acuole This is consistent mth the loen that the 
vacuole is the nucleus and that each jmast cell contains onlj" a single i acuole 
In iranj unstained glj cogen-contammg cells no i acuole is \nsible, but staining 
mth LugoTs solution always ie\eals the vacuole either compressed into the 
middle of the cell bj a suriounding sheath of glj cogen, or at one pole of the 
cell (fig 14/i) Tlie \ acuole in a givcogen-contaming cell is iisuaih much re 
duced m size 

Budding IS retarded or inhibited in cells containmg much glj cogen, and oc 
curs onlj" after the gij'cogen has begun to disappear from the cell Oromng 
cells during the lag pha^e contam enough unidentified resene to oliscureor 
deform the r acuole (fig Hh) Aftei the cell has completed one or tiio di- 
tnsions, the refractne mdev drops and the r acuole reappears or loses its de 


formity 

Deposition of granular glj'cogen is irregular at high (12 per cent) concenfra 
tions of sugar and rarely fills the nholc cell The stained granules are darker 
than those observed at loner concentrations of sugar Man^ small granules 
may coalesce, often formmg tno large polar deposits Small granules of gh co 
gen may be linked by arcs of glycogen At loner sugar concentrations (4 per 
cent) the deposition of glycogen continues until it fills the entire cell mth the 
exception of a smaU region at the one end into nhich the i acuole 1 = eroudeil, 
01 the vacuole may be concealed in the center of the cell ms.de the sphcncal 
envelope of glycogen After the deposit has reached a maximum, the g^\ cogen 
disappL^ on aeration, by penpheral disintegration or solution mth a decrease 
m the density of the glj cogen mass Knalh a single large diflmc ^ 
Sund mihe ceU, and the ^acuole has regained its onginal size Depc^it on of 
roaen does n^t ordinanlv begin until at least half the total number of celb 
glj cogen orpsent Under fa\orable conditions, miohmg low 

.» .He ee<. Heeo.e 


mth glycogen 
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Stainable gh^cogen does not accumulate in m ell-aerated jeast cultures groira 
in 1 per cent glucose bioth The nuclear \ acuole attains its maximal size under 
these conditions 

Glvcogen is neier found in the a acuole of hiung cells, but some dead cells 
contam gh cogen m the a acuole ^lost of the dead cells lemaimng m a culture 
AAhich has been leactiAated after glj cogen deposition contam glj’cogen m the 
cA-toplasm Either gh cogen tends to deposit m dead cells or dead cells are 
unable to nietabohze their accumulation of glycogen 

N^on-Granular Glycogen 

Daik broAATi (gianular) glycogen is deposited rathei regularlj in deep broth 
cultures m test tubes Gh cogen-fiee cells (iihich usualh contam about 20 
per cent of an unspecified carboh3''drate) gioim m aerated 1 per cent glucose 
broth stain golden 3elloAA A\ith lodme Cells fiom Aiell aerated cultures iihich 
liaAe receiAed additional sugar differ from both the aboAe b3'^ stammg inth 
iodine AAithout an3^ dark broini granular deposit The entire C3i:oplasm is 
light broAATi, suggesting general distnbution of a non-granular carboh3'drate 
throughout the cell The Aacuoles are round, centrall3" located and usuallA' 
large, indicating that the non-granulai carboh3drate does not deform the 
A acuole, at least m the earh stages of its deposition 

Fat 

Fat IS also stored in 3 east, if the culture is iiell aerated and iiell supphed 
with phosphate and sugar Fat first appears as an accumulation of highh 
lefiactne droplets around the a acuole Deposits are often polar or compnse 
a netiAork of streptococcus-hke threads of granules iihich sometimes branch 
and are closeh' appressed to the outer surface of the a acuole In most t3’pes 
of <S ccrciisiac the fat globules tend to mcrease m numbers and to enlarge m- 
dmdualh as the culture becomes older and storage mcreases The addition 
of alcohol 01 the apphcation of heat causes man3' of the fat globules to coalesce 
Dcid cells usualh contain coalesced fat globules, just as the3 often contain 
ghcogcn Fat inAanabl3 accumulates in 3 east cells in shaUoiA ErlenmeAer 
cultures 


Dormant Vegetatne Cells 

Vftcr most leasts haie gromi for seieral neeks on slants of our pre-sponila- 
tion igir, the cells contam abundant deposits of fat and gl3 cogen, and although 
ill the cells are aliie, thei are dormant (fig 14 c) Subsequent experiments 
Mere undertaken to reproduce dormanc 3 bi loadmg the cells mth resene mate- 
nih in broth cultures, but Me were unable to obtain cells inth preciseh the 
appeirincc of those taken from pre-sporulation agar, nhich appear to be much 
more hcai ih picked with larger fat granules The a acuoles in a fat-filled cell 
from pre-sponilation agar are usualh spliencal, mdicatmg that fat and gl3 co- 
gen deposition on this medium occur Aiathout deformation of the a acuole 
Vfter in hour 111 nutnent medium, much of the fit disappears from most of the 
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cells aBd after the^cond hour, half of the cells show buds and some conta.n a 
fen fat globufe The vacuoles appear to be multiple or obscured in the grow- 
ing cells (fig 14(f) In three hours, there is ^'el^' httle fusible fat left in (ho 
celJs, nearly all of ^\hich contains multiple or obscured vacuoles Practical]} 
all the cells bud, shoving that the culture is Mable 
hlanometnc studies nere made mtb the cells taken directly from the pre 
sponilation slant (fig 14c) and shaken mth phosphate buffer contammg 4 per 
cent glucose, but mth no other nutrients The Q values shoved that the cells 
vere incapable of taking up oxygen and incapable of producmg COj either 
aerobicallj'’ or anaerobicallj^ oi'er a ISO-minute period During the same period, 
all the cells in the nutnent broth budded Nmety-eight per cent of the cells 
fiom the Warburg vessel shoved httle or no change 

Cells of a standard baking j'east, stram A, which had been grown on pre- 
sporulation agar, vere collected from the agar surface and vashed with M/15 
KfljPOi Three Warburg vessels vere inoculated with equal amounts of dor- 
mant cells Each vessel contained 4 per cent of glucose in solution The first 


recened phosphate buffer, the second received I per cent of corn-steep-v ater 
solids, and the tlurd received 0 3 per cent ammonium sulfate, biotm (2 y per 
liter) and pantothemc acid (200 y per hter) 

Since our culture of <S cercvisiae is mcapable of synthesising biotm and panto 
theme acid, these substances vere added, together with ammoma, to see if 
the}'^ V ould break the dormanej of the fat-filled 3 'east cells The cells suspended 
in sugar vere dormant and gave off no COj after over five hours m the Tl^arburg 
apparatus, but the cultures m the other vessels fermented the sugar, the action 
being much more rapid m the ncher autnents This expenment cannot nl- 
va 3 's be duplicated, because cells from the pre-sponilation agar slants arc not 
alvays m precisely the same condition, since some cultures sporulate direct^ 


in the slant 


Storage of Fat and Carbohydrate 

Storage of reserves only occurs m a medium in which growth has nearh 
ceased A 1 per cent glucose broth was prepared with half the standard amount 
of nutnent broth to insure the early cessation of growth Fift 3 ml of broth in 
600 ml Erlenmeyei flasks vere inoculated and shaken for 48 hours The sus- 
pension of cells from some of the Erlenmeyer flasks was placed m 8 \ 1 mcli 
tubes to favor the development of glycogen, while the remmnder were cji on 
the shaker to favor the development of fat Tests with ^ 

made to determme when the sugar disappeared, and sugar was added ^ oo a 
rtfilcy md,C.W Phosphate eas also added. s»ee th.s ,s ko.™ Jo 
increase the deposition of both fat and glycogen The addition of sugar 

too -- i-Vo"r^ « 

“rlaTh^fat^UTSorndy, as indicated by nneroseop.e ev 
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amination Strain R stored carbohydrate well, but the accumulations of fat 
were irregular and the fat-contauung culture was discarded The hybnd 
stored fat m large clusters of extremelj’- tmy granules approaching the limits 
of visibihty The cells appeared to be crowded with stored matenals, but 
chemical analysis (ether extraction) revealed that only 6 16 per cent fat was 
present The hybnd stored carbohydrate poorly Nitrogen analyses were 
converted to protem by multiplying by the factor 6 25 (table 1) The sample 
was ashed, and the difference was calculated as carbohydrate 
Yeast cells may contam different amounts of carbohydrate and fat reserves 
These reserves hinder the respiratoiy, fermentative, and buddmg activity of 
the cell The Q values are reduced nearly to zero After a lag, the dormant 
cells begm to respire, ferment, and bud The low Qoj values of the nearly 
dormant cells are due to causes different from those responsible for the low 

TABLE 1 


Chemical analyses of cells containing vtstble deposits of fat and glycogen compared to normal 

cells 


CULTtTRZ 

VISraLT DEPOSIT 

FROXEty 

FAT 

ASH 

CAEBOHYDSAIE 

IJ 

None 

61 3 

4 83 

8 48 

25 4 


Fat 

25 0 

31 25 

6 22 

38 5 


Glycogen 

31 9 

16 96 

5 33 

45 7 

CxGH 

None 

64 4 

17 

9 29 

36 1 


Fat 

39 4 

6 16 

7 09 

47 3 

R 

None 

53 8 

7 47 

9 15 

29 5 


Glycogen 

31 9 

5 24 

5 22 

57 7 


values of cultures containmg large numbers of dead cells In the early phases 
of this work, cells were grown m 8 per cent sugar, peptone, yeast-extract me- 
dium and m this medium, 50 to 90 per cent of the cells died, especially if the 
cultures were well-aerated The dead cells gave normal Q^i and Qcoi and 
values rangmg from 300 to 450, but with Qq. values of 0 The dead cells 
were unable to consume Oj, although they were able to ferment Some of our 
dormant cultures contamed nearly 100 per cent viable dormant cells These 
^’lable dormant cells, loaded with reserve matenals, were imable to consume 
0; or to evolve CO 2 , but this situation is obviousl}’’ different from that found 
when the cultures contam many dead cells 

The reproducibihty of results obtamed bj’- the Warburg respirometer depends 
upon the absence of accumulations of reserve matenals m the cells Cells 
should be aerated and transferred to the Warburg apparatus when a mmiTnuTn 
number of dead cells is present and a considerable proportion is actually bud- 
dmg In order to make reproducible analj-ses, growth must be stopped m an 
actne phase and the cells washed with 2^1/15 phosphate If the cells are al- 
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f medium, they toU accumulate some reserve fat or 

^Aohydrate, o. both, dopendtng on tha ae«to nnd the c«,™ 

mocuktion of the fre^ medium The lag can be completely eliminated if 
the cells are transferred before any storage has occurred 
Hansen (20) developed a technique of preserving yeast cultures by growing 
them m 10 per cent sugar broth and allowmg the culture to diy down The 
excess of carbohydrate caused growth to cease and storage of reserves brought 
the cell into dormancy This procedure could not be used to supply dormant 
cells m our experiments because a veiy large percentage of the cells die in high 
concentrations of sugar and only a few attam full dormancy TVinge and 
Hjort (77) recovered hvmg cells from fifty-year-old cultures prepared by Hansen 
The fact that dormant cells require a medium containmg a relatively f ull 
complement of nutrients enables the cells to start growing under conditions 
that assure contmued growth The fact that they require specific vitamins 
winch they are unable to synthesize may have some importance in solving the 
problem of mducmg other fungal spores to genrunate 


XI VITAMIN SYNTHESIS 


A survey by Burkholder, McVeigh, and Moyer (8) has revealed that practi- 
cally all yeasts can synthesize nboflavin, but that they vaiy considerably in 
tlieir ability or mability to synthesize the other B vitamms Our cultures of 
S ceremsiae, S carlshergenm, S globosus, and S hayanus differed from each 
other m the ability to grow on media deSaent in different B vitamins A 
study of eight bakers’ yeasts collected on the market showed that all these 
strains of S cerevistae resembled each other rather closely m their vitanun 
requirements, even on a quantitative basis They were all unable to synthesize 
biotm Growth m the medium without pantothemc acid was always less than 
with all the vitamins, and the only considerable vanation encountered was in 
response to the absence of this vitamm Some yeasts did shghtly better when 
niacm was omitted from the medium than when it was present, and all grew 
nearly as well in the absence of mosatol, thiamme, and pyndoxme as they did 
when all six vitamins were present Burkholder (6) has shown that other 
strains of the B cerensiae do not conform to these bakeis’ yeasts m their ability 
to grow in the absence of specific B vitamms This suggests that the close 
Bimiknty of the eight bakers’ yeasts may mdicate that they are all closely re- 


Our culture of S carlshergensis differed from the baking 
to synthesize biotm, but unable to synthesize pyndoxme techmque was 

IfZevSprf by Burkholfa and Moyer (7) The stodmi me*om eonlam- 

„.„er.I.iraa6opptoeot«l -nth the s.x 
mg glucos P niedium containmg the six vitamms, 

B vitamms (exclusive of B,) ^ “fT™ T nutrient media 

^rl^aTup theTomplete medium desenbed aboie except 
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that single B vitamins ivere lacking Smce these B vit amins are essential to 
cell metabohsm, it is assumed that a culture able to produce good groivth m a 
nutnent lackmg a given vitamm is able to synthesize this vit amin and that the 
converse is also true The am ount of moculum was tested and shown not to 
carry enough vit amin to obscure the results 
A h5''bnd was made between S carlshergensis and one of the bakmg yeasts, 
S cerensiae The data on the pedigree are recorded m table 2 The tur- 
bidity readmgs of yeast growth m tubes from which pyndoxme, pantothemc 
acid, and biotm respectively, are absent, but the remaining five vit amins present 

TABLE 2 

Turbidtty readings of yeast grown in culture media lading pyndoxine {Py ), or pantothenic 
acid {Pa ), or biotin {Bi ) The cultures used are from a pedigree of S 
carlshergensis by S ceremsiae 


CI:^OT^TE 

DIPLOID 

ASCUS 

NO 

ASCOSPOSZS 

A 

B 

c 

D 

m 

B 

m 

Py 

Pa 


Py 

Pa 

Bi. 

Py 

Pa. 

Bi 

Py 

Pa. 

Bu 

S carlshergensis 

24 

280 

280 


22 


125 


d* 



d 



d 


S cerevistac 

350 

220 

11 



d 



15 

12 

Mlil 

20 

8 
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135 
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1 

274 

45 

50 

312 


55 
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59 

300 

210 

no 

\350 15 12 / 




2 

355 

293 


80 

65 

m 


220 

75 

25 

lo 

7 
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212 


»i!il 

210 
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235 

134 


235 

no 
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25 

145 

325 

28 

145 
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\350 15 12 / 




5 

Rm!) 

13 

m 

4 

5 

4 

378 

25 

46 

295 

4 

4 
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/300 210 110 X\ 




6 

340 

237 

275 

93 

16 

— 

358 

16 



d 


\310 20 S / 




7 

345 

135 

24 

278 

14 

67 

350 

60 

■ni 

mi 

22 

60 
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/274 45 50 X'^ 




8 

318 

256 

160 

360 

22 

193 

Mill 




— 

170 

\300 210 110 / 


















* d >= died 


are shown A high readmg mdicated a large number of cells while a low read- 
mg mdicated that few cells are present m the suspension The diploid culture 
of iS carlshergensis failed to grow m the absence of pyndovme, but grew m the 
absence of both pantothemc acid and biotm, and the smgle survivmg haploid 
ascospore culture hkewise faded to grow m the absence of pyndovme The 
diploid culture of S cerevzsiae grew m the absence of both pyndovme and panto- 
themc acid, but faded to grow m the absence of biotm Two survivmg asco- 
spores which were tested, grew m the absence of pyndoxme but were unable to 
grow m the absence of either pantothemc acid or biotm, suggestmg that the 
strain may be heterozj’gous for a gene pair controllmg the synthesis of panto- 
themc acid An mterspecific hybnd between a pair of S ceremsiae and S 
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^Isberg^sis haplophaae cultures greur well in the absence of all three vitamins 
The twelve ascospore cultures from three asm of the mterepemfic hybnd were 
t^d for th^ abihty to grow in the absence of the three vitannns In spite 
of the fact that one parent produced a growth of 22 and the other 350, m the 
absence of pyndoxine, mne of the haplophase progeny from the hybnd pro- 
duced about 300 units of growth Two were better than 80 and only one re- 
sembled Its S carUhergenm parent m being unable to grow veil m the absence of 
pyndoxme, but it grew so poorly in the absence of both pantothemc acid and 
biotin that its poor growth probably resulted from some other more fundamen- 
tal deficiency The fact that the first generation segregants from the hybnd 
all grew fairly well m the absence of pyndoxme suggests that some cytoplasmic 
- effect may be obscunng any gene-segregations that may have occurred In 
the absence of pantothenic acid also the growth of these haplophase cultures 
resembled the better growing rather than the weaker parent CWy one of the 
twelve gave the same poor growth in the absence of pantothemc acid as its 
S cerevistae parent and this 3 east was apparently weak m other respects as veil 
In the absence of biotm, the same absence or obscunng of the Mendehan ratio 
occurred The progenies of these three matmgs gave irregular results sug- 
gesting that a cytoplasmic mechanism ma}’’ be obscurmg the Mendehan ratios 
The characters may be fundamentally under genetic control, but the ratios may 
be obscured b}’' cytoplasmic effects if many genes were mvolved, rather than 
oytaplasmic obscurmg of the Mendehan ratio, a greater vanety of progeny would 
he expected This pedigree resembles that of S hayaivm X S ceremiae m vhioh 
the galactose-fermentmg S cerevtsiae transmitted the capacity to ferment galac- 
tose to all the progeny in the pedigree (Lmdegren, 34) hi the bacLcross m vhicb 
both parents were incapable of synthesizing either pantothemc acid or biotm, the 
fact ^at the progeny were generally infenor suggests that adaptations do not 
senoufily comphcate the interpretation Leonian and lolly (28, 29, 30) de- 
nved yeasts capable of synthesizmg vitamins from cultures mcapable of per- 
forming the syntheses Their procedure probably favored the selection of 
mutations In our experunents, we attempted to minimize this possibihty 
Interspecific crosses such as these are generally quite complex because the two 
genomes usually have a greatly different collection of modifiers and the ex- 
pression of each gene is influenced differently than it was m the ongmal en- 

^S°SXws 16 capable of synthesizmg pantothemc acid, but mcapable of syn- 
thesizmg thiamme A hybnd was made between a haplophase from ^ ho 

Id above) and a haplophaao cull^ d « tfTllI 

prodacadbytem^&^4»edtt».PO_^^t.d^^ „ 

« “bo hybnd bad obnouiy obbppod .bd..y 
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to synthesize pantothenic acid from S globosus and thianune from S cerevisiae 
The hj'bnd vras a poor synthesizer of biotm, but this 1735 accordmg to expecta- 
tion, smce neither parent possessed the abihty 

Xn AUAPTATION 

The abihty of an organism to adapt itself to the environment depends upon 
its capacity for producmg variants Variation m yeasts depends upon both 
genetacal and cytoplasmic mechanisms The genetical mechanism produces 
variations through a, the operation of segregatmg the chromosomes together 
vnth the aberrations of this mechanism, h, by mutation, especially m the haplo- 
phase, and c, by matmgs which produce new combinations of different genotypes 
to form new diplophases 

Plasfogenes, Plasmagenes, and Cytogenes 

The cytoplasm is also a possible source of vanation Darhngton ( 9 ) has given 
names to two kmds of cytoplasmic components which are found m higher 
plants the plastogenes and the plasmagenes The plastogenes are contamed 
m plastids similar to the chloroplasts that have long been recognized as self- 
perpetuatmg cytoplasmic bodies which may vary and produce changes m the 
organism either mdependently or under the influence of the genes of them host 
(Rhoades, 61 ) Winge and Laustsen demonstrated that there are certam 
cytological constituents, which they assumed to be the chondnosomes, that 
divide regularly at each nuclear division and which may produce degeneration 
if they diminish m number It is possible that Darhngton would mclude the 
cytoplasmic components descnbed by "Winge and Laustsen under the category 
of plastogenes Chloroplasts are tjTiical plastogenes but they do not divide 
regularly at each cell division, for a deficiency m chloroplasts can be made up 
by a cell which has receii ed less than a standard number simply by multiphca- 
tion of the chloroplasts while the cell is m the restmg condition If we mclude 
the c5'toplasmic components descnbed by Winge and Laustsen under the head- 
mg of plastogenes, we recogmze two categones of these organelles, one which 
multiphes mdependently of nuclear division, and the other which divides regu- 
larl}' at each nuclear dnnsion 

Plasmagenes, in Darlmgton’s new, are related to viruses masmuch as they 
arc relatiiely mdependent of any defimtely recogmzed plastids or cytoplasmic 
organelles, but apparently multiply more or less mdependently m the cytoplasm 
He considers them to be the phj logenetical forerunners of viruses I ( 32 ) have 
del eloped a hi-pothesis suggestmg that nnises were dei eloped from the genes 
of the host by partial digestion and mutation m insect i ectors 

The cjdogene (Lmdegren, 34 ) is a third type of endoplasmic component 
capable of producmg lanation 'and m effectmg the adaptation of yeasts to 
different substrates The cidogene is a Eelf-jierpetuatmg entity, uutiated by 
the action of a gene but made spiecific by a specific substrate under whose m- 
fluence it becomes seK-perpetuatmg (Spiegelman, Lmdegren and Lmdegren, 71 ) 
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Spontaneoits and Induced Midahons (f) 

In the adaptation of microorganisms to a specific substrate, while they 
mcrea^g in numbers on that specific substrate, the question arises as to whether 
the substrate induces the change resulting m adaptation, or whether the change 
oecura spontaneously and the substrate acts merely to select the new variant 
peimttmg it to outgrow the ongmal normal form There are, therefore, two 
fundamental hypotheses a, that the microSrganisms may produce a new vari- 
ant spontaneously, mdependently of the substrate, and 6, that the contact of 
the substrate with the microorganism reduces the variation, which is trans- 
missible to the progeny of the microfirganism 
Previous to the analysis of this problem by Luna and Delbruck (52) expen- 
enced workers could not determine with the available data which mechanism 
functioned For example, when Badenum coh mvicMe (a non-lactose fer- 
menting organism) is plated on lacttse agar, papilh appear on the colonies at 
the point of ongm of lactose fermenting variants This phenomenon was 
studied mtensively by Lewis (31) and Stewart (72), who obtained substantially 
the same results, but drew precisely opposite conclusioiis Lewis concluded 
that the variation from non-lactose fermenter to lactose fermenter is redepen- 
dent of the substrate and occurs spontaneously re all cultures whether or not 
lactose IS present, while Stewart concluded that transformation from non- 
lactose fermenter to lactose fermenter is reduced by lactose Luna and Del- 
brQck have shown that the question can not only be answered definitively, but 
that the rate at which new fonns are produced can be precisely calculated 
However, a more subtle mathematical approach is required than previous work- 
ers had used (I am mdebted to Dr A D Hershey for explaining to me the 
significance of Delbrfick’s mathematical analysis ) They analyzed the question 
m which the transformation of bactena from virus senstsvity to virus resist- 
ance was mvolved The same approach can solve the question of the effect of 
hthium chlonde, antisera, bactenmdal substances, or specific substrates such as 
the different sugars, on the selection or reduction of vanations in multiplying 
cultures The procedure is as follows A number of culture tubes without the 
specific bactencidal substance (or the virus, or the carbohydrate substrate) are 
all inoculated sunultaneously and allowed to grow, then finally sampled m 
tested for the normal form and the adapted variant The conditions are that 
a the normal and the vanant forms grow about equally weU m this reitial non- 
Bdecbve nutnent medium and b, that the probabihty of the vamtion 
„ — If » - induced br 
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accurately calculated Luna and Ddbruck point out that their use of the term 
“mutation” is merely formal On the basis of them analysis, Demerec (11) 
was able to show that resistance of Staphylococcus aureus to pemcdhn was the 
result of a number of hentable changes and that these c h anges were not mduced 
by the action of pemcilhn, but ongmated spontaneously Smce this type of 
analysis has not yet been made m the case of B colt mutaMle, it is not possible 
to say whether this variation is spontaneous or mduced At the present tune, 
only the two cases, a, resistance to pemcilhn by Staphylococcus aureus and 6, 
resistance to bactenophage of the colon bacillus have been analyzed and both 
have been found to occur spontaneously, mdependently of the environmental 
agent Variation m bacteria mvolvmg changes m colony morphology are not 
generally referable to any substrate, although they have been correlated with 
transformation from virus-susceptible to vmis-resistant forms, but Luna and 
Delbruck pomt out that a difficulty m analyzmg this phenomenon arises from 
the fact that an entue colony is necessary to express the character There is 
no evidence, however, that colomal characteristics can be mduced by an mter- 
action between cell and substrate, on the contrary, there is every mdication 
that this IS a character which arises spontaneously Smce often no envuon- 
mental effect seems to be mvolved, the difficulty of analysis existmg m the case 
of adaptation does not apply 

'Werner m a forthcoming article pomts out that the rate of mutation may not 
be so precisely calculable as Luna and Delbruck’s article suggests unless more 
precise data on growth rates are available The mutant probably only rarely 
grows at precisely the same rate as the parent form, and 'Werner has discov’^ered 
that small differences m growth rates must be considered m calculatmg the muta- 
tion rate 


Induced Cytoplasmic Adaptation in Yeasts 

We were able to demonstrate the existence of an mduced adaptation m yeasts 
m the study of an illegitimate diploid (Lmdegren, 34) The culture sporulated 
only rarely and did not sporulate at all m broth This fact ehmmated genetical 
vanation except for the unusual dommant mutations 'When a transfer was 
made from malt extract agar to com-steepi-water agar, only small numbers of 
the cells survived and there was considerable variation m colony size How- 
ever, a second transfer to com-steep-water agar resulted m very good growth, 
mdicatmg that one transfer had sufficed to adapt the cells completely to thiR 
substrate The adaptation was lost completely by one transfer to malt agar 
The crucial test was made by showmg that the cells also became adapted if 
allowed to stand one daj’' m the cold room m com-steep-water broth m the 
absence of cell division Luna and Delbruck’s anal 3 rsis is necessarj' if cells are 
mcreasmg m number m the medium to which they become adapted, but if 
adaptation of a stationarj^ population occurs, then their method is not neces- 
sarv This fact alone proves that a hentable non-gemc vanation has been 
mduced b> an mteraction of the substrate and cytoplasm which adapted the 
cells to growth m com-steep water 
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The fact that heritable, induced adaptations (which should presumably be 
referred to the cytopl^) occur makes it impassible, in microSi^amsms mth- 
out a sexual cycle, to determine whether a given hentable vanation is or is not 
a gene mutation The only possible technique for estabhshmg the existence 
01 a grae mutation is to make matings between the assumed mutant and a 
normal form and demonstrate that the genes controlhng the expresion of the 
characters segregate regularly at the reduction division New vanations that 
are physiologically equivalent to gene mutations can be mduced m bactena by 
radiations In Newospom, the genes responsible for synthesis of the B vita 
mins can be destroyed by radiation Roepke, labby, and Small (62) showed 
that the abihty of bacterial cells to synthesize B vitamins also be destroyed 
by radiation and have suggested on the basis of the similanty of these experi- 
ments to those of Tatum and Beadle (73) that the new types which they obtamed 
were bacterial gene mutations However, Lmdegren and Lmdegren (42) have 
shown that a large proportion of the hentable changes resulting from treatment 
of ^ euraspara with ultraviolet and X-rajns are not gene mutations but some type 
of cytoplasmic change (Beadle and Tatum’s experiments were devised m 
such a manner that this type of variant would not have been discovered) 
The production of cytoplasmic variants by radiation was demonstrated by 
matmg diflferent radiation-mduced vanants to normal mdividuals and findmg 
that only normal progeny were obtamed Smce the progeny were haploid, a 
gene mutation would have given all ratio of mutant to normal The fact 
that only normal progeny were obtamed revealed that the genes m the radia- 
tion-induced variant were all normal, and the only possible explanation was 
that some constituents of the cytoplasm had been destro 3 "ed or mjured, but that 
fusion with the cytoplasm of the untreated normal had replaced or repaired the 
deficiency 


Induced Cytoplasmic Adaptation to Galactose 

Klujiver (26) showed that /S cerevisiae is capable of fermenting galactose, 
but the fermentation occurs only after a defimte penod of exposure to the sugar 
Spiegelman, Lmdegren, and HedgecocL (70) found that when a suspemon of 
diploid cells grown on glucose is washed with M/15 ICHjPOt and then re- 
suspended m this solution with added purified galactose, the ceU count remains 
constant over a long penod of time When the addition of galactree^ made m 
a Warburg vessel, fermentation begins explosively after a penod of about 
Lun, ^ action as an adaptation nntfcont the fomot.on «( now cc^ jd 
under standarf conditionj the las pmod is lepinducible md “ 
rL men rtnon Some etmm. have longer las pen A 

theless be basically under genetic control, as win 
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Adapiahon io Galactose hy Mutation (?) 

Spiegdman et al (70) tested a haplopliase culture, derived from S cereinsiae, 
but mcapable of fermentmg galactose directly, for its capacity to adapt to 
galactose fermentation It vras able to adapt to tbe fermentation of galactose 
after considerable, but variable, periods of groivth m galactose broth An 
evammation of the culture vas made to determine if the startmg population 
■were homogeneous or heterogeneous Each cell vas characterized by tbe type 
of colony which it produced when grown m agar under special conditions A 
cell suspension was plated on 4 per cent nutnent agar containing 4 per cent 
galactose and allowed to dry, then 5 per cent nutnent agar contaimng 4 per 
cent galactose was poured over the moculated surface 
Two kmds of colomes were observed one grew m the conventional lenticular 
form, appealing circular when observed from the top of the plate, the other pro- 
duced an excessive amount of gas, resultmg m cracks m the agar The former 
utihzed galactose oxidatively with an E, Q of 1, while the latter produced CO 2 
m such excessive amounts that bubbles accumulated, rupturmg the agar A 
large number of colomes was counted, reveahng an average of about 7 per cent 
of fermentmg type colomes with a vanation m mdividual experiments from 2 
to 15 per cent Similar test plates usmg glucose were exammed and only one 
negative colony found m 2592 colomes examined The negative colony was 
ex am i n ed manometncally and appeared to be a new non-fermentative vanant 
The techmque was checked by makmg combmations of suspensions of cells 
The number of positive colomes appealing m the mixtures was the arithmetic 
mean of the percentages of positives m the two suspensions from which they 
ongmated, thus estabhshmg the fact that local conditions m the plate had not 
mduced fermentations 

The percentages of positives obtamed from positive colomes varied from 75 
to 99 per cent, mdicatmg that there was a selection of the fermentative type 
and that it tended to replace the non-fermentative type The non-fermenters 
used galactose slowly through aerobic oxidation and therefore their rate of di- 
iTsion IS depressed m this medium The few fermenters present, after a lag 
period, start to divide rapidly smce they possess the enzymatic apparatus neces- 
sarj’’ to use this sugar at a rapid rate The number of fermenters thus mcreases 
due to two sources first, the rapid cell dl^^slon of those alreadj’’ present, and 
second, the transformation of non-fermentmg to fermentmg cells This latter 
mechanism can, ei en with relatively low rates of change, be numerically sigmfi- 
cmt m the early historj’- of the populations because of the relatively large number 
0 non-fennenters imtiaUy present On the other hand, the number of non- 
ermenters present at anj^ time can mcrease only by virtue of simple cell division 
mathematical analj-sis by Spiegehnan and Lmdegren (68) revealed that 
w en a glucose-grown haplophase culture was transferred to galactose broth 
t e number of cells capable of producmg fermentmg colomes mcreased at a 
in e consistent with the hj-pothesis that natural selection had operated to enable 
t c adapted to take precedence over the unadapted type That is, the ad- 
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galactMe-fennenter had over the galactose-oadizer enabled 

n!S ? conclufflon that the fennentere had amen “spontane- 

om y rather t^ bmg ^duced” by the presence of galactose was appar- 
ratly unwarranted On this point our data on the haploid form were Sde- 
terminate 


In contrast, the mathematical analysis apphed to the diploid form revealed 
that the e^loave appearance of fermenters after the three-hour adaptation 
penod could not possibly have arisen by growth and competition, but that es 
sentially the whole population became adapted after the lag penod Iherefore, 
the adaptation of the diplophase mvolves an mteraction between the geneti- 
cally-adaptable protoplasm and the substrate which results m the production of 
galactozymase by every cell 

This presumably means that the adaptation of the non-fennentmg haplo- 
phase involves two steps 1, the transformation of a genetically non-fennentmg 
to a fermentmg type (either spontaneously or by induction) end 2, a lag penod 
m which the protoplast of the transformed type (the new “mutant,” genetically 
like the adaptable diploid) reacts with the substrate galactose to produce galac- 
tozymase 

The capacity of a protoplast to react with galactose to produce galactozymase 
IB hentable, for the adaptable diplophase usually produces adaptable diplo- 
phases and the unadaptable haplophase usually produces unadaptahles, a small 
percentage of which become transformed (either spontaneously or by induction) 
into adaptables This fact, however, does not establish it as a gene mutation 
as has already been mdicated 


Cytoplasmic Inheritance of Galadosg-Fermenltng Enzymes 

S hayanus is mcapable of fermentmg galactose and a hybnd was made be- 
tween it and S cercvmae (Lmdegren, 34) The diploid hybnd (bayanus X 
ceremtae) culture was able to ferment galactose and the sixteen haploid asco- 
spore cultures from four asci dissected from the hybnd were also capable of 
fermentmg galactose One of this group of first-generation ascospore cultures 
was backcrossed to the ongmal haplophase isolate of S bayanus and the di- 
ploid hybnd [(bayanus X ceremtae) X bayanus] was capable of f^entmg 
ealactose Smgle ascospores were isolated from three asci and ^ tw^ve 
cultures were capable of fermentmg galactose Subculture obtained y P 
mg some of thee fermentmg clone produced some 
Tn view of our experiments on mehbiose fermentation (see below), this p 
? that cytoplasmic factore have been involved which were 

Mendehan inhentane that romd, haploid cells 

MendeSTmd^oatog that a basic genic inhentance existed 
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Adaptation of Supposedly TJnadaptahle Yeasts 

Schizosaccharomyces pombe, Schizosaccharomyces odosporus, and Saccharo- 
myces ludmgn are among tte non-fermenters of galactose AB three yeasts 
ivere exammed by Armstrong (1), who concluded that they were incapable of 
adaptation to galactose fermentation In S ludvngn, under ordmary condi- 
tions, the haplophase is transitory because fusion occurs withm the ascus to 
reconstitute the diplophase almost immediately Cfig 4) InS odosporus grown on 
sohd medium the spores fuse veiy shortl 3 ’' after they are formed to reconstitute 
the diplophase In S ponibe, the haplophase lasts a relatively longer tune 
Adaptation of the species to galactose was studied bj’- Spiegelman and Lmdegren 
(59) Smce mutations m the diplophase are not expressed unless they are 
dommant, it is not possible for selection mechanisms to operate to select them 
If one wishes to obtam extremely vanable populations of jnasts this can be 
accomplished bj’' mducmg the diploid cells to sporulate and mamtammg the 
culture m the haplophase smce each mutation m the haplophase usually comes 
mto immediate expression 

The three species named above were mduced to sporulate and moculated mto 
a medium containmg 2 per cent ^ucose with 8 per cent galactose In from two 
to BIX days cultures of S pomhe produced fermentation m the flasks and a 
stable galactose fermenter was obtamed from the previously unadaptable form 
The ^ucose was necessary, apparently to insure suflacient untial growth to get a 
large population from which to select S odosporus and S ludvngn were not 
adaptable, presumably because m them the haplophase lasts a shorter tune than 
m S pombe 

S cerevmae and S carlsbergensis are both capable of fennentmg galactose, 
but uon-fermentmg haplophase vanants have been obtamed from both of these 
An additional non-fermentmg haplophase culture was found m the exammation 
of 2592 colomes of the galactose-fermentmg haplophase of S cerevisiae descnbed 
above, page 159 These three non-fermenters of galactose all used it aerobically 
with an R Q of 1 hlicroscopic exammation revealed that they were haplo- 
phases When streaked on agar plates, they produced a great vanety of colonial 
mutants, mdicatmg that they had the genetical instabihty characteristic of 
haploid segregants However, they were all earned for five months on 8 jier 
cent galactose without obtaining mutations to the fermentative type This 
seemed to mdicate that some haploids may be qmte mcapable of the potentaal- 
itj' for mutatmg to produce galactose fermenters, althou^ they may at the 
same time be qmte unstable genetically' and capable of produemg a wide range 
of morphological i anants 

Gcmc Balance tn the Haplophase 

In the analysis of our hybridization experiments, we have found that all 
genes which control physiological reactions have proved to be dommant The 
heterozj goto is capable of synthesizmg a giv en vitamm ]ust as well as the homo- 
zv gote, and In bnds, heterozy gous for the loci that control the fermentation of 
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melibiose, f^ent mebbiose just as weU as homojygotes Therefore muta 
ODS do not occur in the haplophase rather than in the diplophase, solely be- 
cause the genes come into eypression more easily m the haploph^e, for dopant 
genes come into expression immediately m the diplophaL > 'o’- 
The phenom^on studied by Freber (14), Wnght (81) and Haldane (19) 
provides a possible explanation It has long been realized that naturally occur- 
nng genes are practically always dominant over mutant genes The genes 
controlling vitamm-syntheses and carbohydrate-fermentations are well es 
tabhshed, naturally occurrmg genes that have probably become dommant by 
natural selection Newly mutated genes capable of inducmg the fermentation 
of a sugar may be mcapable of producing an ^ect m the heterozygous condition 
Accordmg to Fisher's theory, this would occur if aU genes are ongmally reces 
sive and become dominant against a specific genetical background He sug- 
gested that genes which have high survival value may become dommant through 
the selection of modifymg genes m the evolution of the species By this mech- 
anism a gene which was ongmally recessive becomes a stable dommant through 
a number of mutations at other loci Wnght and Haldane suggest that modi- 
fiers may be relatively unimportant, but that the strength of the gene itself is 
mcreased by natural selection If Rsher’s view be correct, the situation m 
yeasts may be explamed as follows Yeasts are extremely heterozygous and may 
even be heterozygous for the fundamental modifiers that determme dommance 
If the balance of modifiers that control the dommance of many wild-type genes 
m the diplophase be upset when the haplophase is formed, the haplophase segre- 
gant would be more plastic than the ongmal diplophase This may make it 
possible for mutations, which would ordmanly be suppressed by the complete 
complex of modifiers, to come mto expression The mechanism makmg specific 
genes dommant is apparently much better stabilized m the case of genes con- 
trollmg phymological activities than of those affectmg the relatively less im- 
portant morphological and colonial characters for the former are stable and 
dommant, while the latter are unstable and recessive In an mtersjiecific 
heterozygote the gene controlhng fermentation of a carbohydrate may be 
dominant amply because half of the genes m the heterozygote come from the 
parent species m wiuch this gene has been evolved and therefore, half of the 
genome consists m part of modifiers, which act to make the fermentmg gene 
dominant A mutation to abihty to ferment galactose might fad to bnng atwut 
the fermentation even if it occurred m the haplophase simply because a se o 
modifiers exists capable of suppressmg this fermentation 

The situation is further compbcated smce the of 

mentative mechamam may not be real, but may merely «ault ™ 
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Mendelmn Inheniance of an Adaptive Enzyme 

S cereinsiae is incapable of fermenting mebbiose, and its haploid segregants 
fail to ferment this sugar even after contmued groiyth m broth containmg meh- 
biose This suggests that the S ceretnsiae genome hmrts the mutational range of 
this species, possibly by the mechanism discussed above S carlsbergensis is 
capable of fermentmg mehbiose, as are all its haploid segregants This is the 
principal character upon "which S cerevisiae and S carlsbergensis are differen- 
tiated On the basis of "the precedmg discussion, the abdity to ferment a smgle 
sugar may be sufficient to define two naturally occumng yeasts which produce 
viable four-spored asci Those cases m which "the haplophases of one species 
are unable to adapt by mutation to the fermentation of a given sugar suggest 
that an elaborate system of modifiers may be necessary to enhance "the expres- 
sion of the gene m the other species Therefore, a smgle apparent genetical 
difference may mean "that an elaborate hidden complex differentiates "the two 
species However, as pomted out under “Speciation,” fermentative differences 
m haplophase yeasts generally have httle or no significance Figure 16 is a 
pedigree descnbmg the progemes of matmgs between these "two species (L m de- 
gren, Spiegehnan, and Lmdegren, 50) The data were obtamed by growmg the 
cultures m a broth tube contammg a smaller mverted tube to collect "the gas 
produced by fermentation Accumulation of gas m the mverted tube is mdi- 
cated by a plus sign 

Hybrid I was an mterspecific hybnd (ceretnstae X carlsbergensis) made by 
mixing mehbiose-plus and mehbiose-mmus haplophase cultures Three diploid 
cells isolated after this matmg were all capable of fermentmg mehbiose Eight 
asci were dissected from mterspecific hybrids, and all the haplophase progeny 
were tested for the abihty "to ferment mehbiose The results showed "that all 
the haplophase cultures from three asci were mehbiose -f, two asci produced 
three -f- and one — culture, and one ascus produced "two -f- and two — cultures 

This experiment was performed before we had had any experience "with the 
cytoplasmic transfer of enzymes and we thought that each haplophase culture 
which was able to ferment mehbiose did so by "virtue of a gene These data 
suggested that the haplophase of S carlsbergensis earned two genes capable of 
mducmg the fermentation of mehbiose However, a hybnd betw^n the same 
5 carlsbergensis haplophase and a haplophase mcapable of fermentmg either 
galactose or mehbiose revealed that the S carlsbergensis haplophase earned only 
one gene controlhng the fermentation of mehbiose In this latter pedigree there 
was all ratio m most of the asci for fermentation and non-fermentation of 
galactose as well as a 1 1 ratio for fomentation and non-fermentation of meh- 
biose, and these factors were segregated mdependently However, a few asci 
produced 4 spores, all of which fermented both mehbiose and galactose The 
latter asci were clear!} those m which a great deal of cjioplasmic transfer had 
occurred and the more frequent 1 1 ratio of mel + to mel — can be considered 
the proper Mcndelian ratio imobscured by cvdoplasmic transfer lATien trans- 
fer of the cidoplasm occurred, it mcluded both enzymes as one vould expect 



164 




tat ^ “X "iStaXYt “““’ 

a negative haplophase culture from S 
Sa ^charo.,ce.corl..S..„.„,.. 
Spores o 

abTd 
+ 



HYBRID H HYBRIDm HYBRID BZ 
(+*-) (+*+} (+*-j 

J' 

S pores 
A B C D 

+ + + + 

+ + -f - 




HYBRIDS 


HYBRIDS! 


(-x_) 

(+--) 


1 

Spores 

Spores 

A B C D 

A B C D 


+ + ■! — 


+ + - 


Fio 15 A. pedigree showing the inheritance of an adaptive eniyme for the fermentation 
of mehbioae S cermstae is incapable of fermenting the snrar while S carltbergemit 
ferments it The diploid hybrid between these two ferments the sugar and produces asm 
from which smgle ascospores were isolated All four spores from some aaci ferment the 
sugar Other asci contW one or two spores which fail to ferment the sugar Several 
other matings and backcrosses were made as mdicated m the figure and discussed in greater 
detail in the text 

ceremsiae Regular Mendelian segregataoii m the progeny shows that this 
haplophase earned a Bin^e gene, capable of controlling mehbiose fermentation, 
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apparently derived from S carUhcrgensis The bachcross to S ceremsiae cleared 
up the Mendehan ratio bj'' further dilution of the S carlshergensts csdioplasm 
Hybrid W ivas made by backcrossmg a second positive haplophase culture 
from the same ascus to a negative haplophase culture from S cerevisme In 
this case, regular Mendehan segregation agam shoivs this haplophase also earned 
a smgle mehbiose-fermentmg gene 

Hybrid EH was produced by matmg the two positive cultures, each of which 
earned a smgle positive gene denved from S carlsbergensis Two of the twenty 
haplophase progeny failed to ferment mehbiose Actually every one should 
have earned the gene, so these two failures may have been due to modifying 
genes from S cerevisiae suppressmg the fermentation The mabdity of S 
cermsiae haplophases to ferment mehbiose after repeated tnals suggests that 
such suppressors exist 

Hybnd V was made by backcrossmg a negative haplophase segregatmg 
from Hybnd XV to a negative haplophase from S cereinsiae The three haplo- 
phase progeny were all negative 

Hj'bnd "IT was made by backcrossmg the same negative culture to a positive 
haplophase of S carlsbergensis Five of seven haplophase progeny fermented 
mehbiose, while two failed 

This pedigree is of especial mterest because the fermentation of mehbiose 
is due to an adaptive enzyme (KarstrSm, 24) Cells which have been adapted 
to ferment mehbiose lose this abihty when removed from the substrate and have 
to be readapted to use it fermentatively 

The Cytogene 

In the precedmg pedigree, the first contact with mehbiose occurred when 
the culture was transferred to a fermentation tube contammg mehbiose A 
second senes of experiments, (Spiegelman, Lmdegren, and Lmdegren, 71) 
shon ed that if contact with mehbiose were mamtamed durmg the growth of the 
haplophase cultures durmg copulation, durmg growth on the pre-spomlation 
agar, and durmg spore formation, all four cultures obtamed from a four-spored 
ascus of heterozygous diploids, such as Hybnds II and IV, were able to adapt to 
mehbiose fermentation (Without this contmued exposure to mehbiose only 
two of the four cultures obtamed from the four spores of each ascus are able to 
ferment mehbiose and tn o from each ascus are unable to ferment mehbiose ) 
Howeier, two of the four mehbiose-fermentmg cultures from each mehbiose- 
treated ascus completely lost their abihty to ferment mehbiose when vigorously 
dissimilated hi shakmg m phosphate solution m the absence of mehbiose This 
proles that mehbiozjmase was built up m the cytoplasm of the mehbiose- 
fermentmg gametes before copulation, mamtamed m the diploid hybnd and m 
the sporulatmg cell, and transmitted m the cji-oplasm to each of the four spores 
irrespectiic of nhether or not that particular spore earned the gene, and finally 
transmitted to the haplophase gametes denied from the spore eien m the 
absence of the gene Mchbiozimase was stabilized m the geneless clones con- 
tammg a large amount of S ccrciisiac genes and cihoplasm as long as mehbiose 
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was present, but disappeared when the mehbjose was withdrawn The meh 

ehb ozymase and mehbiose Therefore, mehbiozymase is a self-perpetuatmg 
cytoplasmic entity which is gene-imtiated, but whose quantitative lerel belo^ 
a certain maximum depends on an mteraction between mehbiose and the en- 
zyme and IS independent of the gene so far as mamtenance under these condi- 
tiODs IS coDcerned 

Genes initiate the production of the adaptive etudes, but adaptation occure 
only by mteraction of the cytoplasm of the cells with the speciBc substrate, 
once the adaptive enzyme has been formed it is self-perpetuating m the presence 
of the substrate 


I propose to call adaptive enzymes of this type cyioffenes The fact that a 
period of exposure to mehbiose must occur before mehbioiyinase is produced 
suggests that the original product is a relatively non-specific substance which is 
transformed mto mehbiozymase when it is “unpnnted" by the mehbiose The 
original relatively non-specific substance I propose to call the proiocytogene 
If the mehbiose-plus gene transmits a protocytogene to the cytoplasm which 
becomes a specific cytogene by being "imprinted” by the mehbiose molecule, 
it IB possible that the same locus may be responsible for the production of other 
cytogenes as well The onginal gene-product which becomes specific by con- 
tact with the mehbiose molecule rmght presumably become difi'erentlyspeafic 
by contact with some other molecule Genes are "enzyme factories'’ but 
each gene may not necessarily be restricted to the production of a smgle enzyme 
Soimebora’s (67) "kdler” phenomenon can also be explamed m terms of the 
foUowmg hypothesis based on our knowledge of cytogenes The lappa substance 
at present is a plasmagene which is stabilized by the K gene, but it ongmoUy 
was a cytogene produced by the (thus far undiscovered and hypothetical) 
KAPPA gene It has become established as a plasmagene by the transmission 
of the kappa substance from the cytoplasm of a heterozygous KAPP A/lappa 
individual to an mdividual carrying the K gene The K gene stabilized the 
lappa cytogene in a lappa/kappa mdividual and the cytogene was transformed 
into a plasmagene 
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[Note added to Page Proof {Jan 17, 1948)] 

Mendeltan segregation of cytogenea In some recent e’qienments I made a 
hybnd between a clone canying the recessive alleles for both mebbiose and 
galactose fermentation by another with the recessive alleles but also canying 
cytogenes cytoplasmically transmitted from the dommant The cytogenes 
were segregated m a one to one ratio at meiosis mdicatmg that they could be 
earned on a recessive allele if it were contaminated with cytogenes This ex- 
periment shows that a locus on a chromosome is simply a passive place of at- 
tachment for cytogenes It confirms and extends Sonnebom’s concept of the 
duality of the gene The gene does not generate anythmg except itself The 
dommant gene has a greater affinity for the cytogene than the recessive 
Many C3rtogene3 reside at one locus movmg mto the c3doplasm when substrate 
appears and retummg to the locus when the substrate has been transformed 




